Western University

Scholarship@Western
Electronic Thesis and Dissertation Repository
8-22-2017 11:00 AM

Functional Magnetic Resonance Imaging as an Assessment Tool
in Critically Ill Patients
Loretta Norton, The University of Western Ontario
Supervisor: Dr. Adrian Owen, The University of Western Ontario
A thesis submitted in partial fulfillment of the requirements for the Doctor of Philosophy degree
in Neuroscience
© Loretta Norton 2017

Follow this and additional works at: https://ir.lib.uwo.ca/etd
Part of the Neurosciences Commons

Recommended Citation
Norton, Loretta, "Functional Magnetic Resonance Imaging as an Assessment Tool in Critically Ill Patients"
(2017). Electronic Thesis and Dissertation Repository. 4812.
https://ir.lib.uwo.ca/etd/4812

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca.

Abstract
Little is known about whether residual cognitive function occurs in the earliest stages of
brain injury. The overarching goal of the work presented in this dissertation was to elucidate
the role of functional neuroimaging in assessing brain activity in critically ill patients. The
overall objective was addressed in the following four empirical chapters:
In Chapter 2, three versions of a hierarchically-designed auditory task were developed and
their ability to detect various levels of auditory language processing was assessed in
individual healthy participants. The same procedure was then applied in two acutely
comatose patients.
In Chapter 3, a hierarchical auditory task was employed in a heterogeneous cohort of acutely
comatose patients. The results revealed that the level of auditory processing in coma may be
predictive of subsequent functional recovery.
In Chapter 4, two mental imagery paradigms were utilized to assess covert commandfollowing in coma. The findings demonstrate, for the first time, preserved awareness in an
acutely comatose patient.
In Chapter 5, functional neuroimaging techniques were used for covert communication with
two completely locked-in, critically ill patients. The results suggest that this methodology
could be used as an augmentative communication tool to allow patients to be involved in
their own medical decision-making.
Taken together, the proceeding chapters of this work demonstrate that functional
neuroimaging can detect preserved cognitive functions in some acutely comatose patients,
which has both diagnostic and prognostic relevance. Moreover, these techniques may be
extended even further to be used as a communication tool in critically ill patients.
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Chapter 1
1.1

What is coma?

Coma is defined as a state of unarousable unconsciousness (Young, 2009), in which,
arousal and awareness, the two physiological mechanisms that regulate conscious
behaviour, are absent. The comatose state arises as a result of a severe brain injury that
causes a failure of the ascending reticular activating system (ARAS), which is a series of
neural circuits projecting from the brainstem to the thalamus and the cerebral cortex
(Liversedge & Hirsch, 2010). The ARAS supports arousal, and damage to the ARAS
causes the inability to maintain arousal and wakeful periods. Arousal is thought to
mediate awareness (Young, 2009). Simply, arousal must be intact for the conscious
perception of both internal awareness and external awareness. Thus, when damage to the
ARAS is significant enough to results in the absence of arousal and awareness, an
individual is said to be in a comatose state.
Coma can be difficult to characterize as it lies upon a spectrum of altered states of
consciousness, and variations in clinical presentations may fall within the range where
coma is indicated. Plum and Posner (2007) operationally define coma as: “a state of
unresponsiveness in which the patient lies with eyes closed and cannot be aroused to
respond appropriately to stimuli even with vigorous stimulation. The patient may grimace
in response to painful stimuli and limbs may demonstrate stereotyped withdrawal
responses, but the patient does not make localizing responses or discrete defensive
movements” (Posner, Saper, Schiff, & Plum, 2007). Alternatively, Wijdicks (2008),
defines a comatose patient as “a completely unaware patient with, at best, only eye
opening with pain or eyes opening with no tracking or fixation, the presence of
withdrawal to a noxious stimulus, or the presence or reflex motor movements. Brainstem
reflexes can be intact or variable absent.” Importantly, coma should not be
conceptualized as a single state but rather as a continuum (Fisher, 1969). Established
coma scales are useful for accurately characterizing the depth of coma. A coma scale is a
practical tool that allows for the quantification and standardization of important findings
from a neurologic examination.
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The most commonly used coma scale is the Glasgow Coma Scale (GCS).
Developed by Jennett and Teasdale in 1974, the GCS is a scale that ranges from three
(“deep unconsciousness”) to fifteen (“fully alert and oriented”). The GCS assesses
patients in three domains: motor, verbal, and eye opening responses (Teasdale & Jennett,
1974). The patient’s best response on each domain is summed with the other domains to
render a score (see Table 1.1). A GCS score of thirteen or higher indicates mild brain
injury, nine to twelve indicates a moderate brain injury, and eight or less indicates a
severe brain injury has occurred. A score of eight or less is often used as the operational
definition of coma in research studies (Teasdale et al., 2014).
Table 1.1. Glasgow Coma Scale
Eye Response

Sub-Score

Eyes open spontaneously

4

Eye opening to verbal command

3

Eye opening to pain

2

No eye opening

1

Motor Response

Sub-Score

Obeys commands

6

Localizing pain

5

Withdrawal form pain

4

Flexion response

3

Extension response

2

No response

1

Verbal Response

Sub-Score

Oriented

5

Confused

4

Inappropriate words

3

Incomprehensible sounds

2

No verbal response

1

Total

2

While the GCS has become universally adopted worldwide in emergency rooms and
intensive care units (ICUs) to assess any patient with a decreased level of consciousness
(Teasdale et al., 2014), there are some known limitations of the scale. One such limitation
is its reduced sensitivity in scoring the verbal domain in endrotracheally intubated
patients, in which patients who otherwise might vocalize are unable to do so while
intubated. Additionally, the GCS does not assess brainstem function or respiratory
patterns. Other validated scales have been introduced to provide more neurological detail,
such as the Full Outline of Unresponsiveness Score (Wijdicks, Bamlet, Maramattom,
Manno, & McClelland, 2005). Despite other scoring systems demonstrating superior
neurological detail, the GCS remains the most popular coma assessment tool.

1.2

Causes of Coma

Structural brain lesions and metabolic disturbances are the two broad categories of injury
that can produce coma. Structural brain lesions result from direct damage of brain tissue
from either traumatic or non-traumatic origins. Metabolic coma frequently results from
anoxic-ischemic encephalopathy following cardiac arrest, infection, or toxicity. Table 1.2
lists the common causes of coma.
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Table 1.2 Common causes of coma. Adapted from Posner et al., 2007; Young, 2009.
Causes of Coma

Examples

Structural
hematomas
hemorrhage
tumor
infarct
diffuse axonal injury
Deprivation of oxygen, metabolic cofactors
hypoxia
ischemia
hypoglycemia
cofactor deficiency
Toxicity of endogenous products
due to organ failure
systemic diseases
electrolyte disturbances
Toxicity of exogenous poisons
drug overdoses
Infection
meningitis
encephalitis
Disordered temperature regulation
hyperthermia
hypothermia
Seizure Disorders
status epilepticus

1.3

Differential Diagnosis of Coma

Coma can be mimicked by psychogenic unresponsiveness, the locked-in syndrome, and
severe polyneuropathies. Each of these neurological conditions requires specific courses
of treatment, and thus, differential diagnosis of these conditions has serious implications
for appropriate management. Various methods of physical examination, patient history,
and neuroimaging are required in order to properly differentiate among these disorders
(Moore & Wijdicks, 2013).
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Psychogenic unresponsiveness is a rare disorder in which patients appear behaviorally
unaware but their unresponsiveness is psychogenic in origin and is not a result of injury
to the brain. Behavioural features upon stimulation are largely confirmatory of
“pseudocoma” (Young, 2009).
Patients suffering from locked-in syndrome are conscious but appear comatose at the
bedside as they are unable to respond to stimuli due to paralysis of all limbs and paralysis
of lower cranial nerves, termed anarthria, which affects the tongue, palate, jaw, and lower
facial muscles. The locked-in syndrome is typically caused by a ventral pontine insult
(Smith & Delargy, 2005). In classic (or typical) locked-in syndrome, the midbrain tectum
is spared permitting vertical gaze and upper eyelid movement. Augmentative
communication devices that decode eye movements and eye blinks can then be used to
establish communication with the patient. However, in complete (or total/atypical)
locked-in syndrome patients have total immobility and inability to communicate
including absence of eye movements leaving them in a complete de-efferented state.
Structural neuroimaging for lesion identification and electroencephalography (EEG),
which can determine normal awake rhythms, can differentiate these patients from
comatose patients (Young, 2009).
Polyneuropathies, such as severe Guillain-Barré syndrome, and progressive motor
neuron diseases, such as end-stage amyotrophic lateral sclerosis, can also mimic coma.
These patients have intact consciousness but suffer from total paralysis and deefferentation. In severe GBS, patients may lose all brainstem reflexes, including pupillary
reflexes, mimicking brain death (Friedman, Lee, Wherrett, Ashby, & Carpenter, 2003).
Previous medical history of progressive muscle weakness and EEG can differentiate
these patients from comatose patients (Bauer, Gerstenbrand, & Rumpl, 1979).

1.4

Outcome following Coma

Coma is not permanent, but rather a transitional state lasting between 2-4 weeks
(Laureys, Owen, & Schiff, 2004). Following coma, patients may succumb to their injury,
recover consciousness with or without disability, or develop a chronic disorder of
consciousness. The major classifications of outcome are shown in Figure 1.1.
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Brain Death
Death

Withdrawal of Life
Support

Coma

Cardiocirculatory
Death
Good Recovery
Conscious

Mild Disability
Disability

Survivor

Severe Disability
Unconscious

PVS

MCS

Figure 1.1. The main classifications of outcome following acute coma. PVS=
persistent vegetative state, MCS = minimally conscious state. Modified from
Wijdicks, 2008.
The most severe brain injuries lead to brain death, defined as the irreversible loss
of all functions of the entire brain (Wijdicks, Varelas, Gronseth, & Greer, 2010). Brain
death is confirmed through the absence of brainstem reflexes, the lack of responsiveness
to stimuli, and apnea (Wijdicks et al., 2010). However, only a small proportion of
comatose patients progress to brain death. More commonly, death results from the
withdrawal of life sustaining therapies in ICU patients, as many brain injuries prevent
meaningful neurological recovery but are not significant enough to result in brain death
(Mark, Rayner, Lee, & Curtis, 2015).
Comatose survivors who remain unconscious progress to a chronic disorder of
consciousness, such as the vegetative state (VS) or minimally conscious state (MCS). A
transition from coma to VS usually occurs within 2-4 weeks following injury (Laureys et
al., 2004). VS patients are different from comatose patients as they have recovered
6

brainstem functions including the ability to breathe without the assistance of mechanical
ventilation. Moreover, VS patients also have regained arousal, characterized by the return
of sleep and wake cycles. Behaviorally, VS patients will open their eyes spontaneously
for periods of time throughout the day (Jennett & Plum, 1972). While VS patients have
regained wakefulness it is generally assumed that they maintain a lack of awareness of
themselves and their environment. The Multi-Society Task Force on PVS (1994) has
described the criteria for a diagnosis of vegetative state which includes: no evidence of
awareness of self or environment and incapable of interactions with others; no evidence
of sustained, reproducible, purposeful, or voluntary behavioural responses to external
stimuli (visual, auditory, tactile, or noxious); no evidence of language comprehension or
expression; bowel and bladder incontinence; present sleep-wake cycles; preserved
autonomic function (including blood pressure, respiratory effort, and heart rate); and
mostly preserved cranial nerve reflexes. Patients who remain in a vegetative state for
more than 1 month are diagnosed as being in a persistent vegetative state (PVS) (Report
of the Quality Standards Subcommittee of the American Academy of Neurology, 1995).
Patients may further transition to a minimally conscious state (MCS) where they have
minimal measureable evidence of awareness, which can be inconsistent at times (Bernat,
2006). The criteria for the diagnosis of MCS includes one or more of the following
behaviors: following simple commands, verbalizing or gesturing yes/no responses,
intelligible verbalizations, or observable purposeful behaviour (Giacino et al., 2002).
Comatose patients may either bypass these states of VS and MSC to regain full
awareness, remain in a chronic disorder of consciousness, or progress through these states
to recover consciousness after either a short or extended period of time.
Coma is compared with other states of unresponsiveness in Table 1.3.
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Table 1.3 Characteristics of coma and other states of unresponsiveness. Adapted from The Multi-Society Task Force on PVS.,
1994; Young, Ropper, & Bolten, 1998.
Brain Death

Coma

Persistent Vegetative
State (PVS)

Minimally Conscious
State (MCS)

Locked-In Syndrome (including
polyneuropathies)

None or only reflexive
spinal movements

No purposeful movements

No purposeful
movements

Variable with purposeful
movements

Quadriplegia, bulbar/pseudobulbar
palsy
Intact breathing in traditional LIS;
Absent in severe polyneuropathies

Clinical Features
Motor Function
Respiratory Function

EEG Activity
Evoked Potentials
Metabolism (PET)
Components of
Consciousness

Absent
Electrocerebral
Silence
Absent
Absent cortical
metabolism

Depressed, variable
Variable, dependent on
severity, topography and
etiology
BAER variable; cortical ERPs
often absent

Intact

Intact

Suppressed or slow
BAER preserved;
cortical ERPs variable

Non-specific slowing
BAER preserved; cortical
ERPs often preserved

BAER variable; cortical ERPs normal

Resting <50%

Resting <50%

Reduced

Normal

Normal

Arousal

-

-

+

+

+

Awareness

-

-

-

+

+

Attention

-

-

-

r

+

Working Memory

-

-

-

-

+

Perception

-

-

-

r

+

Long-term memory

-

-

-

-

+

Motivation

-

-

-

-

+

Cognition
Prognosis for
Neurological
Recovery

-

-

-

-

+

No recovery

Variable, transitional state of 24 weeks

Variable

Variable

* Not a disorder of consciousness

+ = present; - = absent, r= reduced but present
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1.5

Prognosis in Coma

Functional recovery following coma largely depends on the etiology of the injury that
caused the comatose state. Most medical literature regarding prognostication in coma
comes from two of the largest categories that produce coma: traumatic brain injury (TBI)
and anoxic-ischemic encephalopathy (AIE) following cardiac arrest. Both etiologies have
high mortality rates, ranging from 40-50% in TBI (Masson et al., 2001) and 54-88% in
AIE (Booth, Boone, & Tomlinson, 2004). Of those who survive, more than half have
permanent brain damage (Stiell et al., 2011; Young, 2009). In contrast, there are some
survivors who go on to make a good recovery with no or minimal cognitive impairments
(Howard, 2014). Thus, prediction of neurological outcome is essential in the
management of the comatose patient.
Studies examining survival often use simplistic outcome scales to determine the
level of functional recovery. The Glasgow Outcome Scale (GOS), developed by Jennett
and Bond (1975), is the most widely used objective assessment tool for assessing
functional outcome following severe brain injury. The GOS is a five-point scale where
outcome is classified within one of five distinct levels: death, persistent vegetative state,
severe disability, moderate disability, and good recovery (see Table 1.4).
Table 1.4. The Glasgow Outcome Scale (GOS). From Jennett and Bond, 1975.
Score
1
2
3
4

5

Classification
Description
Death
Persistent
Patient exhibits no obvious cortical function.
vegetative state
Severe disability Conscious but disabled. Patient depends upon others for daily
support due to mental or physical disability or both.
Moderate
Disabled but independent. Patient is independent as far as
disability
daily life is concerned. The disabilities found include varying
degrees of dysphasia, hemiparesis, or ataxia, as well as
intellectual and memory deficits and personality changes.
Good recovery
Resumption of normal activities even though there may be
minor neurological or psychological deficits.
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Current prognostication tools focus on the identification of poor outcome in coma
patients, where a patient will not improve more than persistent vegetative state or severe
disability requiring full nursing care. An indication of poor outcome leads to a
consideration to withdraw life-sustaining therapies, as it is commonly thought that
individuals would not choose to live in such a disabled state. Current prognostic
indicators of poor outcome include: neurological examination, structural neuroimaging,
electrophysiological testing (EEG and evoked potentials), and biomarkers. These
prognostic tests have very low false positive rates indicating a great degree of specificity
for predicting those that will have a poor outcome. Table 1.5 summarizes the current
indicators of poor prognosis in AIE (Sandroni et al., 2013) and TBI (Stevens & Sutter,
2013) and the associated false positive rates.
Table 1.5 Prognostic markers in the assessment of poor outcome in TBI and AIE
coma. Adapted from Sandroni et al., 2013; Stevens & Sutter, 2013.
TBI

FPR for
poor
outcome
0-11%

Neurological
Examination

Myoclonus,
unreactive pupils
and absent corneal
reflexes

Structural
Neuroimaging

0%

Evoked
Potentials

CT: decreased greywhite matter
differentiation
MRI: decreased
whole brain
Apparent Diffusion
Coefficient
unreactive
background, bustsuppression,
epileptiform
discharges
Bilaterally absent
SSEP N20 at 3 days

Serum

NSE above 33

4-29%

EEG

AIE

Combination of absent
pupillary light reflex, corneal
reflex and motor response
no better than extension
after rewarming
CT: decreased grey-white
matter differentiation

FPR for
poor
outcome
0-8%

0%

0-23%

MRI: diffuse ischemic lesions
(cortex + deep grey matter)
5 days

0%

0-9%

Non-reactive EEG
background after rewarming

0-3%

0-3%

Bilateral absence of SSEP
N20 waveform during
hypothermia or after
rewarming
NSE above 33 mcg/L at 48 h

0-4%
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0%

biomarkers

mcg/L 0-3 days

Importantly, while current prognostic markers have a high degree of specificity, they lack
sensitivity. When indicators of poor prognosis are absent, a patient is thought to have an
indeterminate outcome. Unfortunately, there are currently no established prognostic
indicators for positive outcome. Thus novel prognostic indicators that can improve the
prediction of positive outcome are urgently required.

1.6
Functional Neuroimaging in Chronic Disorders of
Consciousness
Functional neuroimaging techniques used for measuring and mapping brain activity may
offer new ways for improving the diagnostic, prognostic, and therapeutic management of
patients who suffer from disorders of consciousness.
Both positron emission tomography and functional magnetic resonance imaging
(fMRI) have been used to passively assess the integrity of basic sensory, perceptual, and
higher-order cognitive abilities in chronic disorders of consciousness. Such research has
found cortical activation to auditory (Boly et al., 2004; Coleman et al., 2007; FernándezEspejo et al., 2008; Laureys et al., 2000; Owen et al., 2002; Schiff et al., 2002),
somatosensory (Boly et al., 2008; Laureys et al., 2002), visual (Giacino, Hirsch, Schiff, &
Laureys, 2006; Menon et al., 1998), and emotional stimuli (Bekinschtein et al., 2004) in a
small proportion of VS patients. These passive tasks indicate that some VS patients
“retain preserved islands of residual cognitive function”(Schiff et al., 2002).
Importantly, such passive paradigms may have prognostic value. Findings of
atypical activation of higher-order integrative cortical areas to external stimuli have been
associated with improvements in functional recovery. A retrospective review of 48 case
series’ on VS patients found that activation in higher-order association cortices to a
variety of external stimuli predicted recovery of consciousness with a 93% specificity and
69% sensitivity (Di, Boly, Weng, Ledoux, & Laureys, 2008). Similarly, neural activation
to higher-level language processing in VS has been found to be strongly correlated with
increased functional recovery 6 months following imaging (Coleman et al., 2009).
Recently, higher-order activation to thermal stimulation has also been shown to correlate
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with favorable outcomes in VS patients (Li et al., 2014). However, while such passive
fMRI tasks may be useful for the prediction of recovery they do not allow for the ability
to determine the presence of conscious awareness.
Promisingly, Owen et al., (2006) designed two ‘active’ fMRI paradigms to detect
covert awareness in a vegetative state patient. In the first paradigm the patient was asked
to imagine playing a game of tennis and in the second paradigm the patient was
instructed to imagine navigating through her house. Significant neural activation was
observed in the supplementary motor area for motor imagery and was seen in the
parahippocampal gyrus, posterior parietal cortex, and lateral premotor cortex for the
spatial navigation task. The spatial localization and extent of activation in both paradigms
was not different to that of healthy volunteer responses (Boly et al., 2007), indicating that
the patient was consciously aware, despite the clinical diagnosis of vegetative state. In a
larger follow-up study, Monti et al., (2010) used the same mental imagery tasks in a
cohort of VS patients and found that 4/23 (17%) VS patients could willfully modulate
their brain activity to command. This result suggests that fMRI should be used in concert
with current diagnostic tools to detect covert signs of awareness.
In a step forward, the mental imagery tasks have been adapted to allow binary
communication with some nonresponsive patients. As both the motor and spatial
navigation mental imagery tasks are known to produce spatially distinct patterns of
activation, patients have been asked to perform one imagery task to indicate a ‘yes’
response and the alternate imagery task to indicate a ‘no’ response. The spatial
localization of the neural activation allows researchers to decode the patient’s response to
simple yes-or-no questions. Using this technique, Monti et al., (2010) reported on one VS
patient who was able to answer five of six questions with 100% accuracy. In another case
report of a VS patient, the fMRI communication technique was extended beyond
evaluating responses that had factually-known answers to asking private internal
knowledge, such as “are you in pain?” (Fernández-Espejo & Owen, 2013). Thus,
establishing communication through fMRI allows otherwise non-responsive patients the
ability to communicate in order to provide insights into their quality of life and clinical
condition while potentially allowing them make decisions about their own medical care.
12

1.7
Functional Neuroimaging in Acute Disorders of
Consciousness
While a significant amount of functional neuroimaging research has examined brain
activity in chronic disorders of consciousness, very few studies have examined the use of
fMRI in an acute ICU setting with critically ill patients, such as those in coma.
To date, four fMRI studies have been published in relation to prognostic evaluation
in acutely comatose patients. In 2001, an fMRI study on a TBI comatose patient found
intact sensory processing to sound, tactile, and visual stimuli (Moritz et al., 2001).
Interestingly, the patient subsequently recovered cognitive and sensorimotor functions at
3 months, providing the first evidence that fMRI may be useful for prognostication in
acute brain injury. Gofton et al., 2009 used a passive tactile paradigm in a group of AIE
comatose patients and found that those who recovered consciousness had greater
activation in primary somatosensory cortex in comparison to patients who succumbed to
their injury. Our research group (Norton et al., 2012) and others (Koenig et al., 2014)
have also used resting state fMRI and found that connectivity strength within the default
mode network is associated with functional outcome in AIE coma patients. Taken
together, these limited findings suggest that fMRI might be a useful prognostic tool.
Covert consciousness and communication abilities have never been evaluated in acute
critically ill patients.

1.8

Aims of the Current Studies

The utility of functional neuroimaging in the earliest stages of brain injury remains
largely unknown. The aim of this thesis was to determine if fMRI paradigms can be used
to provide new diagnostic and prognostic information for clinicians to aid in the
management of critically ill patients.
In Chapter 2, our aim was to develop an fMRI paradigm that could be used to
interrogate auditory processing in a hierarchical manner including lower-level sound
perception, mid-level speech perception, and higher-order language comprehension in
individual participants, including patients in the earliest stages of a brain injury. We
13

hypothesized that we would be able to acquire reliable single-participant data in healthy
individuals on a lower field strength 1.5T clinical scanner. Additionally, we applied the
paradigm to two comatose patients in which we hypothesized that their level of auditory
processing would be predictive of functional recovery.
Chapter 3 builds directly from the findings presented in Chapter 2, utilizing the
same fMRI hierarchical auditory task to evaluate sound perception, speech perception,
and language comprehension in a larger cohort of comatose patients. The goal of the
study was to determine if the passive auditory task had prognostic utility in comatose
patients. It was hypothesized that the level of auditory processing in individual patients
would correlate with their subsequent functional recovery.
In Chapter 4, we used two mental imagery tasks in a group of comatose patients to
determine if these patients can have covert signs of awareness, similar to findings in
some vegetative state patients. We hypothesized that we would be able to map, for the
first time, covert awareness in some patients who clinically appear to be comatose.
In Chapter 5, we used the fMRI mental imagery tasks described in Chapter 4 as a
means to establish communication with two patients with severe Guillain-Barré
syndrome, whose clinical conditions mimicked coma and brain death. In the chapter we
described the utility of fMRI as a communication tool to assess the patients’ clinical
condition and mental status.

14
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Chapter 2
Single-Subject Reliability of fMRI Language Paradigms
and Their Clinical Utility in Acute Coma

2

2.1

Introduction

Comatose patients lie with their eyes closed and do not respond appropriately to any
stimulation (Posner et al., 2007) as coma is an acute condition of unarousable
unconsciousness (Young, 2009). Importantly, coma is transient in nature and does not
usually last more than 30 days (Posner et al., 2007) at which point a patient may have
either succumbed to their injury, regained consciousness (with or without neurological
deficits), or failed to make significant progress in their recovery and transitioned to a
chronic disorder of consciousness such as the vegetative state (VS) or minimally
conscious state (MCS).
A growing body of research using functional neuroimaging in VS and MCS patients
has shown that some of these patients can still have intact speech processing (Coleman et
al., 2009; Coleman et al., 2007; Fernández-Espejo et al., 2008; Owen et al., 2005), vision
(Giacino et al., 2006; Owen et al., 2002), somatosensation and nociception (Boly et al.,
2008; S. Laureys et al., 2002; Li et al., 2014), and executive functioning (Monti,
Coleman, & Owen, 2009; Naci, Cusack, Anello, & Owen, 2014; Naci, Cusack, Jia, &
Owen, 2013), including volitional ability and communication (Monti et al., 2010; Owen,
Coleman, et al., 2006). All are undetectable through traditional bedside examination. The
use of functional neuroimaging techniques has brought into question whether the
standard clinical method for diagnosing unresponsiveness is adequate and suggests that
there may be a high rate of misdiagnosis among these patients (Andrews, Murphy,
Munday, & Littlewood, 1996; Childs, Mercer, & Childs, 1993; Schnakers et al., 2009).
As a result, there have been calls to include validated and standardized functional
neuroimaging techniques in the assessment and diagnoses of VS and MCS patients
(Fernández-Espejo & Owen, 2013; Fins et al., 2008; Laureys & Schiff, 2012). However,
it remains to be determined if functional neuroimaging techniques such as functional
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magnetic resonance imaging (fMRI) could also be a viable approach to assessment in
acute disorders of consciousness such as coma. Various challenges would have to be
overcome for this to be feasible in patients within the intensive care unit (ICU).
One problem is that many of the available fMRI paradigms have been validated in
groups of healthy participants and not evaluated at the single-subject level. It is
important to know how robust the fMRI activations are in individual healthy subjects
before one can interpret findings in an individual patient, especially when those results
may inform clinical practice and patient management. Mental imagery tasks have been
shown to be highly robust and reliable in detecting covert command following at the
single-subject level in healthy volunteers (Boly et al., 2007; Fernández-Espejo, Norton, &
Owen, 2014), as the effect size is quite large. However, a challenge occurs for higherorder processes such as language comprehension which must be isolated by the
subtraction of a baseline condition that controls for both sensory and perceptual
processing of sound and speech, resulting in smaller effect sizes (Binder, Swanson,
Hammeke, & Sabsevitz, 2008; Davis & Johnsrude, 2003; Uppenkamp, Johnsrude, Norris,
Marslen-Wilson, & Patterson, 2006).
A second problem is that many of the existing fMRI paradigms have been conducted
on 3 T magnets but, in the clinical setting, many hospitals are equipped with 1.5 T
scanners. Therefore, before any paradigm can be used clinically, it has to be validated on
healthy subjects at lower field strength to determine if the same blood-oxygen-level
dependent (BOLD) signal sensitivity is observed. Mental imagery tasks demonstrate
robust and reliable activation at both field strengths in individual participants (FernándezEspejo et al., 2014), but this is yet to be established for higher-order language tasks.
A third problem is that the only patient group that has been studied to date are
chronically stable patients who have regained wakefulness and brainstem function (The
Multi-Society Task Force on PVS., 1994), including the ability to breathe without
mechanical ventilation support. FMRI paradigms may not be viable in more acute
conditions like coma, where patients may lack wakefulness and brainstem reflexes.
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While there are numerous challenges to overcome, it is nonetheless important to
pursue this line of investigation in acute coma, particularly because neuroimaging studies
have found that residual brain function to external stimuli in VS and MCS can yield
valuable prognostic information (Di et al., 2008). However, once a patient has emerged to
a chronic disorder of consciousness, it is less likely that the result of any fMRI
investigation would inform decisions about the continuation of life sustaining therapies,
as the withdrawal of nutrition and hydration rarely occurs at that stage. On the other
hand, if fMRI studies could be shown to have prognostic value in coma, this would make
an important contribution to decision making, as discussions regarding continued
aggressive life support versus a withdrawal of life sustaining therapies are often made
during this acute window.
Our goal in this study was to develop an fMRI paradigm that could be used to assess
various levels of auditory language processing, including sound perception, speech
perception, and language comprehension in individual participants, including patients in
the earliest stages of a brain injury. We developed and assessed the reliability of three
versions of a hierarchically-designed auditory task to detect single-subject activation in
healthy individuals and then tested whether this same procedure was viable in two
acutely comatose patients. We hypothesized that we would be able to acquire reliable
single-participant data on a 1.5 T clinical scanner in healthy individuals, as we have
previously demonstrated that mental imagery tasks, used to detect covert command
following, have high single subject reliability at 1.5T similar to findings at 3T
(Fernández-Espejo et al., 2014). Furthermore, as fMRI is becoming more routine for
clinical use, particularly in single-subject pre-surgical evaluation of language
lateralization in cases of epilepsy foci resection (Szaflarski et al., 2017), we predicted we
would detect various levels of auditory processing in individual healthy volunteers using
a lower field strength clinical scanner. Additionally, based on previous work in VS and
MCS patients that found that the level of auditory processing strongly correlated with the
patient’s functional recovery (Coleman et al., 2009), we hypothesized that the level of
auditory processing would be predictive of outcome in two comatose patients.
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2.2
2.2.1

Methods
Participants

Fourteen healthy right-handed native English speakers (Mage: 25.6 ± 6.4 years, 7 males)
with no known neurological or psychiatric disease took part in the study. All had normal
hearing by self-report. All participants provided their written informed consent and were
compensated for their participation. Ethical approval for the research study was obtained
by the Health Sciences Research Ethics Board of Western University and all study
procedures were performed in accordance with relevant guidelines and regulations.

2.2.1.1

Comatose Patients

Two comatose patients participated in the study and written informed consent was
obtained from their substitute decisions makers. The fMRI findings were not used in any
clinical decision-making for either patient.

Patient 1 was a right-handed, native English speaking, 62 year old male, with
normal hearing history based on report from the patient’s family. He was admitted to ICU
after a witnessed in-hospital cardiac arrest following a lengthy stay for a liver transplant
that was complicated by intra-abdominal sepsis. He received 10 minutes of CPR followed
by two doses of epinephrine and, following the return of spontaneous circulation, he
underwent therapeutic hypothermia. Upon normothermia and removal of sedation the
patient had positive pupillary light reflexes, but absent corneal, cough, and gag reflexes.
Three days following injury, an EEG recording appeared suppressed. An MRI was
performed four days after injury when the patient had a Glasgow Coma Scale (GCS)
score of 3T (1E, 1V, 1M). The structural MRI sequences showed widespread diffusion
trace brightness in the cerebellum, basal ganglia, caudate, thalami, and frontoparietal
cortices consistent with hypoxic ischemic injury. The patient’s prognosis was thought to
be very poor for any meaningful recovery and a decision was made with family to
remove life support measures.
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Patient 2 was a right-handed, native English speaking, 56 year old male, with
normal hearing history based on report from the patient’s family. He was admitted to ICU
after a witnessed out-of-hospital cardiac arrest. He received immediate cardiopulmonary
resuscitation followed by five rounds of defibrillation and received multiple doses of
epinephrine at the scene. The patient underwent therapeutic hypothermia following return
of spontaneous circulation. The patient remained deeply comatose once normothermia
was re-established but had intact brainstem responses with positive pupillary light
reflexes, cough, gag, and vestibilo-ocular reflexes. An EEG, performed three days
following injury, showed theta coma and generalized slowing of background that
suggested a moderately severe encephalopathy with a lack of reactivity to auditory and
painful stimuli on the EEG, thought to be an unfavourable prognostic factor. SSEPs were
performed four days after injury and were bilaterally present. An MRI was also
performed four days following when the patient had a GCS score of 3T (1E, 1V, 1M).
The structural MRI sequences showed patchy diffusion trace brightness most notable
along the frontal, occipital paramedian cortices, caudate nuclei, periventricular locations
and posteromedial thalami. These findings were consistent with hypoxic ischemic injury.
On the fifth day following injury, the patient had some spontaneous right arm and leg
movement and spontaneous eye opening. The patient had subsequent improvement in
awareness on Day 7 and could obey commands on Day 13. He was transferred to the
medical ward 22 days following admission and still had some confusion that improved
but did not completely resolve. He was then transferred to a brain injury unit at a
rehabilitation hospital and made steady gains. He was able to return to work 5 months
post injury. At a 6-month follow-up he had resumed his normal activity prior to
admission and had made a good recovery with a Glasgow Outcome Scale (GOS) score of
5.

2.2.2

Hierarchical Auditory Paradigms

42

Three different versions of the auditory paradigm were developed to determine which one
was the most suitable for addressing hierarchical auditory processing in individual
participants, including sound perception, speech perception, and language processing.
Each paradigm consisted of four different auditory conditions: silence, signal correlated
noise (SCN), complex language and one of several language control conditions. Each
paradigm was presented in the same interleaved block design where each condition was
thirty seconds in length and repeated five times for a total of ten minutes (see Figure 2.1).

Figure 2.1. Design of the auditory fMRI paradigms. Each paradigm was identical
with respect to three of the four conditions, silence, SCN, and complex language.
Only the language control condition differed in each paradigm, where Paradigm 1
had syntactically simple sentences, Paradigm 2 had semantically meaningless
sentences, and Paradigm 3 pseudoword sentences presented.

The three paradigms were identical with respect to three of the four conditions
(silence, SCN, and complex language). Only the language control condition differed in
each case. We did this to determine which one of three possible sets of stimuli was the
most suitable baseline for the complex language condition; namely, the one that most
robustly detected language comprehension at the single-subject level. All speech stimuli
were recorded by a male native English speaker.

The complex language condition consisted of five linguistically complex short
stories designed to maximally drive language processing. This was accomplished by
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using sentences that contained both subject-relative and object-relative embedded clauses
within each short story. The use of embedded clauses within the narratives increased the
complexity of the sentence structures, effectively making the stimuli more difficult to
comprehend, and subsequently, more effortful for the listener, as they increased the
demands on syntactic processing (Peelle, Troiani, Wingfield, & Grossman, 2010). We
also manipulated the distance between the main clause noun phrase and its corresponding
verb in order to increase working memory demands; again, this increased the complexity
of the story and comprehension required greater effort on the part of the participant. Each
sentence contained an average of 10 content words (nouns, verbs, adverbs, adjectives and
negatives) with an average total length of 18 words per sentence (see Table 2.1 for
examples).
Table 2.1. Example of speech stimuli.
Language Condition
across all Paradigms

Complex
Language

The woman that the man helped slammed
the door after the mouse.

Paradigm 1 Language
Control Condition

Syntactically
simplistic
sentences

That man has a dog.

Paradigm 2 Language
Control Condition

Semantically
random sentences

The human what the ran hemmed
crammed the sore enter the mount.

Paradigm 3 Language
Control Condition

Pseudoword
sentences

Thi wesan frat thi han helved slanned thi
woor auler thi moule.

Three variations of the language control condition were employed, with either less
syntactic complexity within sentences than the complex language stimuli or sentences
that lacked any semantics (see Table 2.1 for examples). In Paradigm 1, syntactically
simple sentences were presented with an average of four words per sentence with the
nouns and verbs spaced an average of two words apart. In Paradigm 2, each word within
the complex language condition was replaced with a random English word (semantically
random sentence condition). In Paradigm 3, each word within the complex language
condition was replaced with a pseudoword, which is a non-word that has no meaning in
the English lexicon, (pseudoword sentence condition). In Paradigm 2 and Paradigm 3, the
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words were matched to the original word target in the complex language condition
according to subsyllabic structure and transition frequency through the use of a
pseudoword generator (Keuleers & Brysbaert, 2010). The resulting sentences had no
semantic relationship or grammatical structure but were read with sentence prosody.

The complex language condition was also used to generate an unintelligible
signal-correlated noise condition (SCN) (Schroeder, 1968) which had the same amplitude
envelope and spectral profile as complex language condition, but all spectral detail was
replaced by noise. This condition provided a good contrast to the speech conditions as it
contained a similar temporal pattern but lacked any linguistic information (Peelle, Eason,
Schmitter, Schwarzbauer, & Davis, 2010; Rodd, Davis, & Johnsrude, 2005; Stoppelman,
Harpaz, & Ben-Shachar, 2013).
Finally, the ‘silence’ condition consisted of five 30-second blocks where no
stimuli were presented at all.

2.2.3

MRI acquisition

Imaging was performed on a 1.5 T General Electric Signa Excite MRI system (Fairfield,
CT) at the University Hospital LHSC (London Health Sciences Centre, London, Canada).
The functional paradigms used a T2*-weighted one-shot spiral-in sequence to obtain 240
volumes of 30 slices (TR = 2500ms, TE = 40ms, matrix size = 64 x 64, slice thickness =
5mm, in-plane resolution = 3.75mm x 3.75mm, flip angle 90°). A T1-weighted 3d-SPGR
pulse sequence (TR = 9.2-10.2ms, TE = 4 ms, IT = 300, matrix size = 256 x 256, voxel
size = 1.02 x 1.02 x 1.40 mm, flip angle = 10°) was also obtained. The auditory stimuli
were presented using SuperLab 4.0 running on a Windows XP PC and delivered with
noise-attenuated MRI-compatible headphones (Resonance Technology Inc.).

2.2.4

FMRI analysis
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Image preprocessing and statistical analyses were conducted using Statistical Parametric
Mapping (SPM8, www.fil.ion.ucl.ac.uk/spm). Preprocessing steps were identical for
healthy control participants and the comatose patients. Briefly, data was manually AC-PC
reoriented, functional images were realigned to help correct for motion, co-registered to
the structural images, structural data was segmented, data was then normalized to the
echo planar imaging template provided in SPM8, and smoothed using an 8mm FWHM
Gaussian kernel. Single-subject fixed effect analysis was used for each participant.
Based on the general linear model, regressors for each paradigm that corresponded to the
presentation of silence, signal correlated noise, and the two speech conditions were
created by convolving boxcar functions with the canonical hemodynamic response
function. Movement parameters were included as covariates.

We assessed sound perception within each paradigm by comparing the
haemodynamic responses of all auditory stimuli conditions (SCN, complex language, and
language control condition) to the silent baseline condition in order to identify brain areas
that were responsible for processing the acoustic properties of both speech and nonspeech sounds. To identify areas solely responsible for speech-specific processing in each
paradigm, we collapsed both speech conditions (complex language and language control
condition) and contrasted them to the SCN condition. To identify the fMRI responses
associated with language comprehension we contrasted the complex language condition
to the language control condition within each paradigm. It is generally accepted that a
difference in activity that places different demands on comprehension is a reasonable
indicator that comprehension has occurred in absence of behavioural response (Davis &
Johnsrude, 2003; Johnsrude, Davis, & Hervais-Adelman, 2005; Rodd et al., 2005).

At the group level, a one-sample t-test was performed across the 14 healthy
participants to obtain the group pattern of activity associated with each contrast in each
paradigm at the whole-brain level, using a cluster- defining voxelwise threshold of p
<.001 (uncorrected), and whole-brain FDR-corrected for significance using cluster extent,
p <.05.
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At the single-subject level, functional activation was assessed using a region of
interest (ROI) approach. ROIs were defined using Neurosynth, a large-scale metaanalytic database (Yarkoni, Poldrack, & Nichols, 2011), by utilizing the reverse statistical
inference map that was preferentially related to the terms ‘sound’, ‘speech perception’
and ‘language comprehension’. Significant clusters were selected as ROIs from the
derived maps if the z-score was greater than 7 and had a cluster size of more than 200
voxels (Figure 2.2).

Figure 2.2. Regions-of-interest (ROIs) used. Top Panel - Neurosynth ROIs used for
all three contrasts used in healthy participants. The sound perception ROIs
included 2 clusters representing bilateral primary auditory cortex. The speech
perception contrast ROIs included the bilateral STG. Five language-related ROIs
were used for the language comprehension contrast which included left
superior/middle temporal gyrus (1), left ventral inferior frontal gyrus (2), left
middle frontal gyrus (3), right temporal pole (4), and right inferior gyrus (5).
Bottom Panel – Healthy control group ROIs generated for all three contrasts used
in patient participants. The sound perception contrast included 2 ROIs surrounding
the primary auditory cortex bilaterally along the STG. The speech perception
contrast ROIs included bilateral STG. The language-related ROI extended from the
angular gyrus through the MTG.
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For sound perception, clusters representing bilateral primary auditory cortex (peak
coordinates: R=60,-24, 4; L=-48,-24, 8) were implemented as the ROIs. For the speech
perception contrast we used two ROIs representing the anterior portion of the superior
temporal gyrus (peak coordinates: R=64,-6,-4; L=-62,-8,0). For language comprehension,
five language-related ROIs were used, which included left ventral inferior frontal gyrus
(peak coordinates: -44,22,16), right temporal pole (peak coordinates: 50,8,-22), left
posterior middle temporal gyrus (peak coordinates: -56,-46,6), right inferior gyrus (peak
coordinates: 56,26,0), and left middle frontal gyrus (peak coordinates: -42,6,52). For the
single-subject analysis, the statistical threshold was set at an uncorrected p < .001
because of a lower signal-to-noise ratio in comparison to group studies (Fadiga, 2007).

Additionally, we examined the lateralization for each contrast at the single subject
level by calculating the laterality index (LI) through the use of the LI-toolbox (Wilke &
Lidzba, 2007). Temporal lobe ROIs (as provided by the LI-toolbox) were used as the
inclusive mask for the unthresholded individual t-maps for each contrast. We employed a
bootstrap approach to calculate LI whereby a large amount of bootstrapped resamples are
analyzed at different thresholds to produce the weighted mean LI (LIw). The LIw has the
advantage of allowing LIs for higher t-thresholds to have a greater influence in the
overall average LI for each contrast while controlling for outliers. LIs < -.2 were
classified as left lateralized, LIs > +.2 right lateralized and LIs > -.2 and <+.2 were
bilateral.

2.2.4.1

Comatose Patient Analysis

Functional activation for the comatose patients was assessed by examining ROIs
that showed significant activation in the same contrast in the healthy controls. For the
sound and speech perception contrasts, ROIs were generated from the healthy control
group analysis using a cluster- defining voxelwise threshold of p <.001 (uncorrected), and
whole-brain FDR-corrected for significance using cluster extent, p <.05. These ROIs
were then used to identify areas in the coma patients using a peak voxelwise threshold of
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p <.001, uncorrected. For language processing, an ROI encompassing a portion of the left
AG extending to the MTG was generated from the group analysis of Paradigm 3’s
language contrast (complex language > pseudoword sentences) by using a clusterdefining voxelwise threshold of p <.05 uncorrected, and a cluster extent of p <.05
(uncorrected), consistent with the procedure used by Coleman et al., 2007 in identifying
language processing in chronic disorders of consciousness. This ROI was then used to
identify areas in comatose patients using a peak voxelwise threshold of p <.001,
uncorrected.

2.3

Results

Healthy participants listened to 3 different versions of a hierarchically designed auditory
paradigm. Each paradigm consisted of four auditory conditions: silence, signal correlated
noise (SCN), complex language, and a language control condition. Only the language
control condition differed in each paradigm (Paradigm 1 used syntactically simple
sentences, Paradigm 2 used semantically random sentences, and Paradigm 3 used
pseudoword sentences). To assess sound perception within each paradigm we compared
all auditory conditions to the silent baseline condition. To identify speech perception, we
collapsed both speech conditions and contrasted them to the SCN condition. To identify
the fMRI responses associated with language processing we contrasted the complex
language condition to the language control condition within each paradigm (either
syntactically simple sentences in Paradigm 1, or semantically random sentences in
Paradigm 2, or pseudoword sentences in Paradigm 3).

2.3.1

Sound Perception
At the group level, the sound conditions in all 3 paradigms compared to rest

elicited significant activation of the bilateral temporal lobes with peak activation in the
primary auditory cortical regions of the superior temporal gyrus (STG) (see Figure 2.3).
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Figure 2.3. Whole-brain group analysis of healthy participants showing bilateral
superior temporal gyrus activation to all sound stimuli compared to a silent baseline
in each paradigm. Results are thresholded at p <.05, FDR-corrected for multiple
comparisons with a threshold extent of 25 voxels and shown on a canonical singlesubject T1 MRI image.

Using the region-of interest (ROI) approach at the single-subject level, all 14
healthy participants had primary auditory cortical activation to the sound perception
contrast in Paradigm 1, although 2 participants (Participants 12 and 14) had only
unilateral left auditory cortical activation. In Paradigm 2 all 14 participants demonstrated
bilateral primary auditory activation while in Paradigm 3 bilateral activation was found in
13/14 participants. Single-subject activations are shown in Figure 2.4.
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Figure 2.4. Single-subject level activation for all sound compared to silence. For
each subject, slices with the peak activation are displayed on each individual’s
normalized T1 image. In Paradigm 1 and 2, primary auditory cortical activation
was found in all participants while in Paradigm 3 activation was found in 13/14
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participants. Results are thresholded at p <.001, uncorrected, masked inclusively by
the sound perception Neurosynth ROI.

2.3.2

Speech Perception
At the group level, the speech conditions (complex language + language control

condition) compared to SCN within each paradigm elicited significant bilateral activity in
the anterior portion of the STG (Figure 2.5).

Figure 2.5. Whole-brain group analysis of healthy participants showing bilateral
superior temporal gyrus activation to speech stimuli compared to signal correlated
noise in each paradigm. Results are thresholded at p <.05, FDR-corrected for
multiple comparisons with a threshold extent of 25 voxels and shown on a canonical
single-subject T1 MRI image.

In Paradigm 2 all 14 healthy participants showed peak activation in the anterior
STG to the speech perception contrast (speech conditions compared to SCN). In
Paradigm 1 and Paradigm 3 bilateral activation was found in 13/14 participants.
Participant 4 failed to show any significant activation in Paradigm 3 and Participant 14
failed to show any significant activation in Paradigm 1. Single-subject activations are
shown in Figure 2.6.
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Figure 2.6. Single-subject level activation for speech compared to signal correlated
noise. For each subject, slices with the peak activation are displayed on individual
subjects’ normalized T1 image. In Paradigm 2, bilateral anterior superior temporal
gyrus activation was found in all participants while only 13/14 participants show
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activation in Paradigm 1 or Paradigm 3. Participant 4 failed to show any significant
activation in Paradigm 3 and Participant 14 failed to show any significant activation
in Paradigm 1. Results are thresholded at p <.001, uncorrected, masked inclusively
by the speech perception Neurosynth ROI.

2.3.3

Language Processing
In each paradigm, a different language control condition was used to determine

which one of three possible sets of stimuli was the most suitable baseline for the complex
language condition for detecting language processing. Group-level one-tailed T statistic
results are shown in Figure 2.7.

Figure 2.7. Group-level one-tailed T statistic results for the three versions of the
language processing tasks. In Paradigm 1, we contrasted a complex language
condition to syntactically simple sentences (top panel). In Paradigm 2, we contrasted
complex language to semantically random sentences (middle panel). In Paradigm 3,
we contrasted complex language to pseudoword sentences (lower panel). The black
dashed line on the color scale indicates a voxelwise threshold of p < .001.
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In Paradigm 1, we contrasted a complex language condition to syntactically
simple sentences which elicited greater activation of the right hemisphere (LI=-0.51) with
peak activation in the right central operculum (57, -3, 5) at the group level in healthy
controls (thresholded at p < 0.001, uncorrected). At the single-subject level, activation in
language-related ROIs was detected in 4/14 participants in Paradigm 1 and 9/14
participants had a weak left lateralized response (Range: -0.32 - 0.54). In Paradigm 2, we
contrasted complex sentences to semantically random sentences which showed weak
right dominant activation (LI=-0.26) with peak activation in the right middle temporal
pole (53, 8, -25) at the group level in healthy controls (thresholded at p < 0.001,
uncorrected). At the single-subject level, activation in language-related ROIs was
detected in 5/14 participants in Paradigm 2 and only 6/14 participants had a left
lateralized response (Range: -0.71-0.39). In Paradigm 3, we compared complex sentences
to pseudoword sentences which showed a strong left lateralized activation (LI=0.77)
within areas of the left angular gyrus (-56, -56, 15), left parahippocampal gyrus (-33, -11,
-25), and left inferior temporal gyrus (-44, -48, -18) at the group level in healthy controls
(thresholded at P < 0.001, uncorrected). At the single-subject level, activation in
language-related ROIs was detected 6/14 participants in Paradigm 3 and 10/14 had a left
lateralized activation (Range: -0.21-0.63).

Given that Paradigm 3 elicited activation from the greatest number of participants
for language processing and a strong left lateralized response to the stimuli as well as
activation of known language comprehension areas such as the left angular gyrus
(Homae, 2002; Humphries, Binder, Medler, & Liebenthal, 2006) we used this version of
the task to assess the patients.

2.3.4

Patient results
Comatose patients’ results for the hierarchical auditory task are shown in Figure

2.8.
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Figure 2.8. Comatose patients results for the hierarchical auditory task. The top
panel shows activation to the sound perception contrast (sound>silence), the middle
panel shows activation to the speech perception contrast (speech>SCN), and the
lower panel assessed language processing (complex language>pseudoword
sentences). Results are thresholded at p <.001, uncorrected and masked inclusively
by the healthy control group’s results for each respective contrast and displayed on
patient’s own structural image.

Patient 1 showed significant response to sound only. The sound perception
contrast (all sound stimuli vs. silent baseline) produced a small cluster of activation
bordering the medial portion of the left Heschl’s gyrus and the insular cortex (-37,-22, 10;
p < .001). This patient may have retained some low level auditory processing. The patient
did not show any significant responses to the speech perception or the language
comprehension task.

In stark contrast, Patient 2 was found to have activation to all three levels of the
hierarchical auditory paradigm. We found robust bilateral activation in the temporal
cortex for the first-level contrast comparing sound to a silent baseline. Peak activation
observed in the right Heschl’s gyrus, right anterior portion of the superior temporal gyrus,
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left posterior temporal gyrus, and left planum temporale. The extent of activation in the
patient is similar to activation found at the single-subject level in healthy participants
suggesting that basic auditory processing remained intact (Figure 2.9).

Figure 2.9. The patterns of activation in both comatose patients plotted against 14
healthy participants within the hierarchical auditory task. The parameter estimates
within the regions of interest in the 3 contrasts ((A) sound perception, (B) speech
perception, and (C) language comprehension) were within the normal range in the
patient who recovered consciousness, while another patient who did not survive
their injury had parameter estimates outside the normal range found in healthy
participants.

The contrast comparing speech to SCN again revealed robust activation bilaterally
in the temporal cortex of the patient with peak activation in the right anterior and
posterior superior temporal gyrus, and left posterior superior temporal gyrus. The extent
of activation in this contrast was once again comparable to the results of healthy
participants (Fig. s1) suggesting that mid-level speech perception also remained intact.
The highest level contrast comparing complex language to pseudoword sentences elicited
left hemisphere dominant activation with peak activation observed in the left posterior
supramarginal gyrus, left temporal pole and left parahippocampal gyrus.

2.4

Discussion
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We found highly robust and reliable activation in healthy participants at the
single-subject level using a 1.5 T clinical MRI scanner for both sound and speech
perception. Within all three paradigms, the sound perception contrast elicited robust
bilateral activation of primary auditory regions in the superior temporal gyrus in
individual healthy control participants, a finding which corresponds well with existing
literature (Binder et al., 2000; Johnsrude et al., 2005; Price, 2012). Speech perception was
also found to be robust at the single-subject level activating previously documented areas
including bilateral anterior portions of the superior temporal gyrus (Binder et al., 2008;
Davis et al., 2007; Davis & Johnsrude, 2003; Rodd et al., 2005; Scott & Wise, 2004). All
14 participants elicited robust bilateral temporal lobe activation to sound and speech
stimuli in Paradigm 1 and Paradigm 2. In Paradigm 3, only one participant (Participant 4)
failed to show activation in both contrasts. These results indicate that the hierarchical
auditory task could likely identify whether a patient has intact sound and speech
perception using a clinical 1.5 T scanner.

Language-related activation was far less robust than observed for sound and
speech. In Paradigm 3, the contrast comparing complex language to pseudoword
sentences produced the most robust activation of the three paradigms, particularly in left
angular gyrus. We also found activation in left parahippocampal gyrus, and superior
temporal gyrus. These areas have been extensively reported in neuroimaging studies to be
involved in the semantic network of the human brain (Bookheimer, 2002; Price, 2012).
Specifically, semantic processing is the most consistent function that activates the left
angular gyrus (Seghier, 2012), while damage this area has been known to result in
semantic aphasia (Ardila, Concha, & Rosselli, 2000; Corbett, Jefferies, Ehsan, & Ralph,
2009). The left inferior frontal gyrus, particularly the anterior ventral portion, has also
been consistently implicated in numerous neuroimaging studies of semantic processing
(Bekinschtein, Davis, Rodd, & Owen, 2011; Davis, Ford, Kherif, & Johnsrude, 2011;
Davis & Johnsrude, 2003; Homae, 2002; Just, Carpenter, Keller, Eddy, & Thulborn,
1996). While Paradigm 3 produced the most robust activation at the group level, at the
single subject-level we were only able to observe activation in 43% of participants.
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One possible reason for the low level of reliability of the language contrast is that
the statistical design was not powerful enough to detect effects when they were there. In
this respect, it is important to note that we adopted the most statistically powerful design
that we could, employing a blocked arrangement of stimuli. The use of a continuous
block-design is statistically more efficient than event related designs (Henson, 2007),
which despite their many advantages, prolong acquisition time and may reduce power at
the individual subject level (Peelle et al., 2010).

Another reason why the language tasks employed here resulted in only subtle
activation differences may be because a passive rather than an active listening task was
used. For example, Binder and colleagues (2008) found that an active listening paradigm
elicited an activation volume 44 times greater than for a passive paradigm. Unfortunately,
an active listening paradigm is not possible in an acutely brain injured patient with
unknown levels of awareness.

It is also possible that the length of each paradigm did not generate sufficient data
to detect differences between conditions. To explore this idea, we lowered the statistical
threshold and activations of known areas involved in language comprehension emerge
indicating that there may not be enough power to detect language processing in some
participants. Longer scanning sessions with multiple paradigms may have increased the
sensitivity to detecting language processing at the individual level. While the same
number of scans that we used in the language processing tasks can reliably detect
command following through mental imagery across single-subjects, the linguistically
well-controlled baseline conditions that are needed to determine language comprehension
may require longer scan times to achieve the same sensitivity. However, the luxury of
long scanning sessions, while possible in chronically stable VS and MCS patients, is not
practical when imaging acute comatose patients. The fMRI was performed at the same
time as required clinical structural imaging to mitigate the risk of intrahospital transport
solely for research purposes (Weijer et al., 2015a) and was 10 minutes in length to limit
the duration of the scanning session. Short scanning sessions are required in imaging
acute comatose patients to prevent potential haemodynamic or respiratory changes
59

(Wallen, Venkataraman, Grosso, Kiene, & Orr, 1995). Increased duration of diagnostic
testing is also associated with an increase in adverse events and technical mishaps in
comatose patient who are mechanically ventilated (Fanara, Manzon, Barbot, Desmettre,
& Capellier, 2010; Reynolds, Habashi, Cottingham, Frawley, & Mccunn, 2002).

In spite of the challenges in study design, we were able to show, for the first time,
intact auditory processing including sound perception, speech perception and language
processing in an acutely brain injured patient who subsequently regained consciousness.
The extent of auditory processing in this patient was comparable to the results of healthy
volunteers. In contrast, another patient who succumbed to their injury demonstrated a
minimal response to only the lowest-level sound perception contrast. Although a control
group used in this study was younger in age than our patients it is not clear what aging
effects could provide the pattern of activation observed in the task as both patients were
of similar age and had vastly different neural responses.

The observation of intact language processing in coma is a remarkable finding as
the classical definition of coma precludes the possibility that the ability to comprehend
language could be preserved (Posner et al., 2007). When conscious awareness is lost,
higher-order cognitive function (such as language comprehension), is also lost. However,
low-level perceptual responses in primary sensory areas to external stimuli may remain
largely intact. This is supported by studies of language processing under varying levels of
anaesthesia. While sound and speech perception remain largely intact under deep
sedation, semantic processes that support language comprehension are abolished even
under light sedation (Adapa, Davis, Stamatakis, Absalom, & Menon, 2014; Davis et al.,
2007). It is surprising then, that we found preserved language processing abilities in a
comatose patient. Language comprehension has been found in a small proportion of VS
and MCS patients indicating that patients with chronic disorders of consciousness can
have preserved islands of residual cognitive function (Coleman et al., 2009; Coleman et
al., 2007) which might also be true of acutely brain injured patients.
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Caution should be taken in interpreting a positive finding within language
processing task in brain injured patients as evidence of normal language comprehension.
It is difficult to be certain that activation in the highest-level contrast indicates successful
language comprehension without a corresponding behavioural response. Our ability to
determine that comprehension of speech has occurred only extends to knowing that the
other lower-level auditory processing abilities are intact which can support higher-level
comprehension and that the same areas are engaged in the task as seen in healthy control
participants. Observed activation could be necessary but not sufficient to produce
comprehension. Subsequently, a volitional task could be performed to determine if an
individual could comprehend instructions and produce a behavioural response. In a nonresponsive patient this could include mental imagery tasks that require no overt motor
behaviour. Indeed, a small proportion of VS have demonstrated command following
ability through fMRI mental imagery tasks (Monti et al., 2010; Adrian M Owen,
Coleman, et al., 2006). However, it is plausible that a patient could understand the
meaning of spoken language but not have the capacity to follow instructions. Possibly a
patient could have language comprehension but not enough cognitive resources, such as
sustained attention or working memory abilities, to turn their ability to understand spoken
language into a response. Thus, when investigating a non-responsive patient’s cognitive
ability it is important to study it in a hierarchical manner, from sound perception up to
mental imagery to understand where the deficit may occur.

As high-level language comprehension is thought not to occur in unconsciousness
(Davis et al., 2007), a finding of intact language comprehension in a comatose patient
may suggest a higher level of consciousness than detected through bedside examination.
It could be possible that our patient was not comatose at the time of imaging although the
patient had no eye opening or motor response to external stimuli. The patient may have
been emerging from coma as the next day the patient had some spontaneous right arm
and leg movement and spontaneous eye opening. Likely, the fMRI was able to detect
increasing awareness prior to bedside testing of consciousness. We suggest that fMRI
might be complimentary to existing clinical testing to support the clinician in making a
diagnosis about the level of consciousness.
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Most importantly, functional neuroimaging methods that detect residual brain
function to external stimuli might also yield valuable prognostic information for the
clinician. A meta-analysis of research studying VS and MCS patients found that
activation in secondary and associative cortices to stimuli is predictive of the recovery of
consciousness (Di et al., 2008). Specifically, Coleman et al. (2009) studied a group of 41
VS and MCS patients and found that the level of auditory processing during a
hierarchical auditory fMRI paradigm strongly correlated with the patient’s functional
recovery 6 months following imaging, suggesting that speech-related patterns of
activation may be a marker for the recovery of consciousness in some patients (Coleman
et al., 2009). Our patient, who showed activation at levels of auditory processing,
regained consciousness and had full functional recovery with no neurological deficits
within 6 months post-injury. Importantly, the positive fMRI findings were in stark
contrast to the EEG findings which showed a lack of reactivity to stimuli which was
thought to be an unfavourable prognostic factor. Thus, the positive functional recovery
could not be explained by other prognostic tools used. While this is only one case report
there is some other preliminary evidence to support that fMRI may also be useful in
predicting positive outcome in the acute comatose patient population (Gofton et al., 2009;
Moritz et al., 2001; Norton et al., 2012; Zanatta et al., 2012). Electrophysiology studies
also support that intact auditory processing may be a marker for good prognosis (Cruse,
Norton, Gofton, Young, & Owen, 2014; Rossetti, Tzovara, Murray, De Lucia, & Oddo,
2014). The use of fMRI has some notable advantages in assessing the auditory processing
in coma compared to electrophysiological measures. Our hierarchical design allows us to
assess the extent of auditory processing from basic sound perception and mid-level
speech perception up to higher-order language comprehension. It also investigates the
integrity of specific spatial areas known to be involved audition and it has been
established to predictive of recovery in other disorders of consciousness such as VS and
MCS (Coleman et al., 2009).

Future research should continue to investigate the prognostic efficacy of
functional neuroimaging methods in acute coma using a larger population of patients.
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Finding early markers of recovery is of paramount importance as critical decisions are
made between the treating healthcare team and families about the withdrawal of lifesupporting therapies during the early stage of coma. If neuroimaging findings can provide
additional information about the chances of positive recovery, this can complement
current clinical tools to inform decisions regarding therapeutic intensity and goals of care.
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Chapter 3
An FMRI Language Paradigm as a Prognostic Tool in
Acute Coma

3

3.1 Introduction
Coma, which follows from sustaining a severe brain injury, is a medical emergency and a
patient who is in a comatose state requires admission to an intensive care unit (ICU) for
life-sustaining therapies such as airway management and vascular support (Young, 2009).
A comatose patient can, at most, only open their eyes to painful stimuli or eye open
without tracking or fixation and withdraws limbs to painful stimuli or, more frequently,
only has reflex motor movements (Wijdicks, 2008). Neurologists are often asked to
provide a prognosis for patients in coma to aid in the clinical decision-making for further
management. These estimations of the likelihood of functional recovery are often a key
factor in discussions surrounding the continuation or withdrawal of life-sustaining
therapies. However, prognostication can be quite challenging as current clinical tools
only predict poor outcome, defined as an outcome no better than vegetative state or
severe disability with total dependency (Kamps et al., 2013). When poor prognostic
indicators are absent, a patient is thought to have an indeterminate outcome, as there are
no accepted tools with which to predict positive outcomes and chances of good functional
recovery (Weijer et al., 2015). Thus, novel methods to improve the prediction of positive
outcomes are urgently needed. Functional magnetic resonance imaging (fMRI), an
neuroimaging technique used for measuring and mapping brain activity in response to
external stimuli, holds promise for predicting favourable outcomes.
Supporting evidence for the prognostic utility of fMRI largely comes from
research in chronic disorders of consciousness, such as the vegetative state (VS) and
minimally conscious state (MCS). Studies have shown that activation in higher-order
integrative cortical areas to external stimuli is related to improvements in functional
recovery. In one of the largest cohorts of VS and MCS patients studied to date, Coleman
et al., (2009) employed a hierarchical passive language paradigm to examine the extent of
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auditory processing. In a sample of 41 patients imaged 16 months post-injury, they found
that neural activation to higher level speech processing was strongly correlated with
increased functional recovery 6 months following imaging (Coleman et al., 2009).
Similarly, higher-order activation to thermal stimulation has also been found to correlate
with favorable outcomes in patients with chronic disorders of consciousness (Li et al.,
2014). Indeed, a retrospective review of 48 published case series found that activation in
higher-order association cortices to a variety of external stimuli predicted recovery of
consciousness with a 93% specificity and 69% sensitivity (Di, Boly, Weng, Ledoux, &
Laureys, 2008)
While a considerable amount of neuroimaging research has shed light on cerebral
function in chronic disorders of consciousness, very few studies have examined fMRI in
relation to prognostic evaluation in acutely comatose patients. Gofton et al., (2009)
examined a group of 19 post-cardiac arrest comatose patients 3 days post-injury, and
found that patients who went on to survive their injury showed greater activation in
primary somatosensory cortex to tactile stimuli than those who succumbed to their injury.
Norton et al., (2012) evaluated the prognostic potential of functional connectivity of the
default mode network (DMN) in post-cardiac arrest coma 3 days post-injury, and found
that DMN connectivity was intact in patients who regained consciousness, but was
disrupted in all patients who failed to regain consciousness. Similarly, Koenig et al.,
(2014) imaged post-cardiac arrest patient between days 4-7 post-injury and found that
connectivity strength within the DMN was associated with functional outcome. Together
these findings show that fMRI might be useful in predicting positive functional recovery
in acute coma.
In Chapter 2 we report on two post-cardiac arrest comatose patients who were
given a passive fMRI hierarchically-designed auditory task to detect various levels of
auditory language processing including: sound perception, speech perception, and
language comprehension. Both patients had the lowest possible Glasgow Coma Scale
(GCS) score of 3, indicating the greatest depth of coma, and were both were scanned just
4 days after sustaining a cardiac arrest. Significant responses to sound, speech, and
language contrasts, similar to healthy volunteers, were found in one of the patients who
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made a full functional recovery 6 months later, while a minimal response to only the
lowest-level sound perception contrast was found in the other patient who succumbed to
their injury. This preliminary finding, similar to studies in VS patients (Coleman et al.,
2009; Coleman et al., 2007; Fernández-Espejo et al., 2008), suggests that the level of
auditory processing in coma might be predictive of subsequent functional recovery.
The objective of the current study was to use fMRI to assess the extent of auditory
processing in a group of acute critically ill patients and correlate findings with subsequent
outcome. We utilized the same fMRI hierarchical auditory task previously reported (see
Chapter 2) to evaluate sound perception, speech perception, and language comprehension
in 16 heterogeneous patients receiving life-sustaining therapy in an ICU. To our
knowledge, this is the first time auditory processing has been studied in a group of
acutely comatose patients using fMRI.

3.2
3.2.1

Methods
Participants

Patients were recruited from the Medical Surgical Intensive Care Unit and the
Critical Care Trauma Centre at London Health Sciences Centre in London, Ontario,
Canada. Written informed consent was obtained from the substitute decision maker of
each patient. Ethical approval for the research study was obtained by the Health Sciences
Research Ethics Board of Western University. Of the 26 patients who were consented to
take part in the study, 17 patients remained in a condition that allowed for imaging. We
excluded data from 1 patient because of significant motion artifact due to head
movements. Thus, data from 16 right-handed patients [5 female, MAGE=45.7 ± 16.7 years]
was included in the final analysis. Table 3.1 summarizes the demographic and clinical
characteristics of the patients.
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Table 3.1. Demographic data.
Study
ID

Age

Sex

Etiology

Time of scan
post-ictus

Best
GOS

Structural Imaging

EEG

SSEPs

9 DAYS
23 DAYS

GCS at
Scan
(E,M,V)
8 (3,4,1T)
5 (1,3,1T)

1
2

67
66

F
M

3

66

F

Hepatic Failure
Intracerebral
Hemorrhage
Cardiac Arrest

4
2

Essentially Normal
Severe bi-frontal infarctions

Spindle coma
not performed

11 DAYS

8 (3,4,1T)

5

Essentially Normal

Triphasic waves

Status Epilepticus

3 MONTHS

6 (4,1,1T)

3

Diffuse brain atrophy including hippocampi

M
M

Stroke
Status Epilepticus

22 DAYS
5 MONTHS

9(4,4,1T)
6(4,1,1T)

2
2

Bilateral deep white mater watershed infarcts
Diffuse brain atrophy

59

F

Brain Abscess

13 DAYS

9(4,4,1T)

3

Left temporal-occipital lobe lesion with edema

8

30

M

8 DAYS

7(2,4,1T)

2

Large left occipital intraparenchymal hematoma

9

62

M

Intracerebral
Hemorrhage
Cardiac Arrest

Left posterior temporal
spikes
Diffuse encephalopathy
generalized and
independent bihemispheric spikes
Left posterior periodic
lateralized epileptiform
discharges
not performed

not performed
Bilaterally Present normal
Bilaterally Present normal
not performed

4

28

M

5
6

42
32

7

4 DAYS

3(1,1,1T)

1

10
11

20
30

M
M

21 MONTHS
3 DAYS

8(4,3,1T)
6(4,1,1T)

2
3

12

36

M

TBI + Cardiac Arrest
Infection (secondary
to brainstem tumor)
Hepatic Failure

6 DAYS

6(1,4,1T)

1

13

67

F

HSV encephalitis

22 DAYS

6(1,4,1T)

4

14

38

F

32 DAYS

7(2,4,1T)

3

15

55

M

Intraventricular
Hemorrhage
Cardiac Arrest

Diffuse ischemic changes in the basal ganglia and
cerebellum with possible laminar necrosis along
frontoparietal cortices
Diffuse brain atrophy
Tumor resection in the foramen magnum and right
cerebellopontine angle
Restricted diffusion in the thalami, cerebellum, and
midbrain
Hyperintensity in inferior anterior right temp pole;
right frontal lobe, and hippocampus
Intraventricular hemorrhage with hydrocephalus

4 DAYS

3(1,1,1T)

5

16

34

M

Diffuse Axonal Injury

26 DAYS

8(4,3,1T)

4

Patchy diffusion trace brightness most notable along
the frontal, occipital paramedian cortices, caudate
nuclei, periventricular location and posteromedial
thalami
Multiple micro hemorrhages in the brain parenchyma
including corpus callosum right cerebral peduncle and
dorsal midbrain
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not performed
Bilaterally Present –
abnormal latency
and amplitude
not performed

not performed

Suppressed

not performed

EMG contamination
not performed

not performed
Bilaterally absent

Triphasic waves with
reactivity
Right periodic lateralized
epileptiform discharges
Moderate Delta with
reactivity
Theta coma no reactivity

Bilaterally present normal
not performed

Moderate Delta no
reactivity

Bilaterally present

not performed
Bilaterally presentnormal

Patients were eligible for the study if they were 18 years of age or older, were
admitted to one of the two ICUs following a severe brain injury of any etiology, were
cardiovascularly stable and at low risk of deterioration during the procedure and transport
to and from the MRI unit, had a low level of consciousness (GCS ≤ 9) that was not
related to administration of sedation, and had a normal hearing history based on report
from the patients’ families and no suspicion of injury to the hearing apparatus due to the
cause of coma. Six months following imaging, the functional outcome of the patients was
assessed using the Glasgow Outcome Scale (GOS) to determine the level of recovery. If
the patient had died prior to the six-month follow-up, the best GOS score prior to death
was used to control for patients who had withdrawal of life sustaining therapies (Patients
5,6,8,9,11,12) or subsequently died after recovering consciousness (Patient 4).
Thirteen patients were imaged within the first few days following injury and were
deemed comatose at the time of imaging by the attending neurocritical care physician
(TG, DD, EA). Patients 9 and 15 have previously been reported in Chapter 2. Three
patients (4, 6, and 10) were imaged 3, 5 and 21 months after initial injury, respectively.
Patient 4 and 6 were admitted to hospital with new-onset refractory status epilepticus and
were kept in a pharmacologically induced coma for months until seizure activity ceased.
These patients were imaged within 7 days after sedation was terminated and the patients
remained unresponsive. Patient 10 was admitted from another hospital following a
traumatic and subsequent anoxic brain injury. The patient met the diagnostic criteria for
VS but did not have intact respiratory drive and required invasive mechanical ventilation
likely due to a high cervical cord injury.

3.2.2

MRI acquisition
Imaging was performed on three different 1.5 T General Electric MRI systems at

London Health Sciences Centre (London, Canada). Setup parameters were identical on
all scanners and involved the acquisition of 240 volumes of 30 slices (TR = 2500ms, TE
= 40ms, matrix size = 64 x 64, slice thickness = 5mm, in-plane resolution = 3.75mm x
3.75mm, flip angle 90°). A T1-weighted 3D-SPGR pulse sequence was also obtained.
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3.2.3

Stimuli
The hierarchical auditory paradigm, previously described in Chapter 2, was

employed. The paradigm was presented in an interleaved block design and consisted of
four different auditory conditions: silence, signal correlated noise (SCN), complex
language, and pseudoword sentences. Each condition was thirty seconds in length and
repeated five times for a total of ten minutes.
The complex language condition included five linguistically complex short
stories. In an effort to maximally drive language processing, the short stories contained
sentences with object-relative and subject-relative embedded clauses. These sentences
also had a large distance between the main clause noun phrase and its corresponding verb
to make the story more effortful for the listener to understand (see Table 3.2).
Table 3.2. Example Stimuli
Complex Language Condition

The mouse that the cat chased ran quickly
down the hallway with the cheese. As the
mouse ran over her foot, the woman that
the man assisted screamed. The ugly
rodent with the long tail and the brown
patchy fur with big yellow teeth ran
through the house and right out the door.
The woman that the man helped slammed
the door after the mouse. The cat that the
mouse outran was really fat and couldn’t
fit through the pet-door, and had to give up
the chase.
Thi moule frat thi dat chadge san drockly
doil thi hartray wich thi sheese. Ar thi
moule san iber hir foat, thi wesan frat thi
han attosted scroomed. Thi osly robant
wich thi lonk tain ase thi brorn ditchy dur
wich bir ymetow reeth san scrough thi
houle ase rilks oot thi woor. Thi wesan frat
thi han helved slanned thi woor auler thi
moule. Thi dat frat thi moule outbon wam
deoily dat ase courndl dit scrough thi pelfoor, ase rad ro gire ud thi shase.

Matched Pseudosentence Condition
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In the pseudoword sentence condition, pseudowords were matched to the word
target in the complex short stories according to the subsyllabic structure and transition
frequency through the use of a pseudoword generator (Keuleers & Brysbaert, 2010) (see
Table 3.2).
In the SCN condition, the SCN was developed from the complex language
condition by maintaining the same amplitude envelope and spectral profile but replacing
the spectral detail with noise (Schroeder, 1968) to make a well controlled unintelligible
noise condition (Peelle, Troiani, et al., 2010; Rodd et al., 2005).
In the silence condition no auditory stimuli were presented.
All speech stimuli were recorded by a male native English speaker and were
played through MRI compatible noise-attenuated headphones.

3.2.4

FMRI analysis
Image preprocessing and statistical analyses were conducted using Statistical

Parametric Mapping (SPM8, www.fil.ion.ucl.ac.uk/spm). Functional images were
manually AC-PC reoriented, realigned to help correct for motion, co-registered to the
structural images, normalized to the echo planar imaging template provided in SPM8 and
smoothed using an 8mm FWHM Gaussian kernel. Single-subject fixed effect analysis
was used for each participant. Based on the general linear model (GLM), regressors for
each paradigm that corresponded to the presentation of silence, signal correlated noise,
and the two speech conditions were created by convolving boxcar functions with the
canonical haemodynamic response function. Movement parameters were included as
covariates.
We performed a single-subject fixed-effect analysis for each patient. We assessed
sound perception within each paradigm by comparing the haemodynamic responses of all
auditory stimuli conditions (SCN, complex language, and language control condition) to
the silent baseline condition to identify brain areas that are responsible for processing the
acoustic properties of both speech and non-speech sounds. To identify areas solely
responsible for speech-specific processing, we collapsed both speech conditions
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(complex language and language control condition) and contrasted them to the SCN
condition. To identify the fMRI responses associated with language comprehension we
contrasted the complex language condition to the pseudoword condition.
Functional activation was assessed by examining specific regions-of-interest
(ROIs) that showed significant activation in the same contrast in a previously studied
group of healthy control participants (see Chapter 2). For the sound and speech
perception contrasts, ROIs were generated from the healthy control group analysis using
a threshold of p < 0.05, FDR-corrected. These ROIs were then used to identify areas in
individual patients using a peak voxelwise threshold of p < .001, uncorrected. For
language comprehension, ROIs were generated from the group analysis of the contrast of
spoken complex language versus spoken pseudoword sentences using a threshold of p <
0.01 uncorrected, consistent with the procedure used by Coleman et al., 2009 as there is
less power between the complex language condition and the linguistically well controlled
baseline condition. These ROIs were then used to identify areas in comatose patients
using a peak voxelwise threshold of p < .001, uncorrected.

3.3
3.3.1

Results
Group 1: Patients Who Had No Auditory Response

In two patients (Patients 2 and 6) we found no significant auditory response to the
any of the auditory stimuli presented. However, at the lowest-level contrast (sound versus
silence) when the threshold was considerably reduced (p < 0.01 uncorrected), Patient 2
had activation in left inferior frontal gyrus (IFG) and the left posterior middle temporal
gyrus (MTG) in the sound perception contrast while Patient 6 had a cluster of activation
in the right superior temporal gyrus (STG).

3.3.2

Group 2: Patients Who Responded To Sound Stimuli Only
Three patients (Patients 9, 10, and 13) had neural activation in only the sound

perception contrast (sound versus silence) (Figure 3.1). Two patients (Patients 10 and 13)
had typical bilateral activation of the STG, while one patient (Patient 9) had only a very
small cluster of activation within the left temporal lobe bordering the medial portion of
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the left Heschl’s gyrus and the insular cortex. All three patients did not show any
significant responses to the higher-level speech or language contrasts.

Figure 3.1. Three patients had significant auditory responses to only the sound
perception contrast (sound versus silence). Individual patient results are
thresholded at p < .001, uncorrected, masked inclusively by the group analysis of
healthy control participants. Healthy control group results are displayed at p < 0.05
FDR-corrected. Activations are shown on slices where the peak activation was
observed.
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3.3.3

Group 3: Patients Who Responded To Sound and Speech
Stimuli Only
Six patients (Patients 1, 4, 5, 11, 14, and 16) had neural activation in the sound

perception (sound vs. silence) and speech perception (speech vs. SCN) contrasts (Figure
3.2). However, the spatial extent of activation varied across this group of patients. Only
two of the six patients (Patients 16 and 11) showed appropriate bilateral activation of the
STG to both the sound and speech contrast. One patient (Patient 4) showed typical
bilateral activation of the STG to the lower level sound perception contrast while the
speech perception contrast produced only left temporal lobe activation. One patient
(Patient 14) had only left temporal lobe activation to both the sound and speech
perception contrasts. Patients 1 and 5 had left hemisphere activation during the sound
perception contrast and right hemisphere activation for the speech perception contrast.
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Figure 3.2. Six patients had significant auditory responses to both the sound
perception and speech perception contrasts. Individual patient results are
thresholded at p < .001, uncorrected, masked inclusively by the group analysis of
healthy control participants. Healthy control group results are displayed at p < 0.05
FDR-corrected. Activations are shown on slices where the peak activation was
observed.
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3.3.4

Group 4: Patients Who Responded To Sound, Speech and
Language Stimuli
In five patients (Patients 3, 7, 8, 12, 15) we were able to detect activation for all

three levels of auditory processing including sound perception, speech perception, and
language comprehension (Figure 3.3). Patients 3, 7, and 15 showed responses similar to
those seen in healthy control participants. In the sound and speech perception contrasts
they had strong bilateral activation of the STG while in the language contrast they had
activation in the posterior portion of the STG bordering the angular and supramarginal
gyri. Patient 15 also had some activation in the anterior portion of the MTG and
parahippocampal gyrus. Patient 12 had robust bilateral STG activation to the sound
perception contrast but the speech perception condition showed more extensive activation
in the right STG and while some activation in the left IFG was observed. Patient 12
showed activation of the anterior MTG and parahippocampal gyrus but did not show
activation of the posterior STG/angular gyrus. Lastly, Patient 8 produced only left
temporal lobe activation to all contrasts.

96

Figure 3.3. Five patients had significant auditory responses to three levels of
auditory processing including sound perception, speech perception, and language
comprehension contrasts. Individual patient results are thresholded at p < .001,
uncorrected, masked inclusively by the group analysis of healthy control
participants. Healthy control group results are displayed at p < 0.05 FDR-corrected.
Activations are shown on slices where the peak activation was observed.

3.3.5

Relationship between fMRI findings and Outcome
The Spearman’s rank order correlation coefficient was used to measure the rank

correlation between patients’ level of auditory processing (1 = patients who had no
auditory responses; 2 = patients who had response to sound only; 3 = patients who had
responses to both sound and speech contrasts only; 4 = patients who had responses to all
sound, speech, and language contrasts) and their best GOS score within 6 months post97

injury (1 = death; 2 = persistent vegetative state; 3 = severe disability; 4 = moderate
disability; 5 = good recovery). Patient 12 developed sepsis shortly following imaging and
life sustaining therapy was withdrawn due to mulitorgan failure so this patient was
removed from the analysis as this outcome was due to a non-neurological issue. The
analysis showed a significant positive relationship between the level of auditory
processing and the patients’ functional outcome (rS = .52, p = .02, Figure 3.4).

Figure 3.4. Extent of auditory processing for each patient plotted against their best
Glasgow Outcome Scale (GOS) score within 6 months post-injury.

3.3.6

Relationship between fMRI findings and Clinical Diagnosis
of Coma
The level of auditory processing was also compared to the patients’ depth of coma

using the GCS score at the time of imaging. We found that the relationship between the
level of auditory processing and GCS score at the time of fMRI was not statistically
significant (rs=0.25, p = 0.17).
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3.4

Discussion

In this study, we used an fMRI hierarchical auditory task to assess sound perception,
speech perception, and language comprehension in 16 comatose patients admitted to our
intensive care unit. We compared the level of auditory processing to patients’ depth of
coma and functional recovery 6 months following imaging. We found a wide range of
activation to the auditory stimuli across the patient group. Some patients had no response
to any auditory stimuli presented while other patients had significant neural responses to
sound perception, speech perception, and language comprehension contrasts, similar to
healthy control participants. The level of auditory processing in patients was not
associated with their diagnosed level of impaired consciousness at the time of imaging as
measured by the Glasgow Coma Scale. Specifically, one patient who had the lowest
possible GCS score, indicating the greatest depth of coma, had significant responses to
the highest level contrast suggesting that some aspects of language comprehension
remained intact. We did in fact find that the level of auditory processing was significantly
correlated with each patient’s outcome at 6 months following imaging. Notably, the two
comatose patients who had the most robust responses to all three levels of the auditory
task had full functional recovery at the 6 month follow-up.

3.4.1

Can Comatose Patients ‘Hear’?
To determine if comatose patients retain the ability to understand spoken

language we devised a passive auditory task that assessed the extent of auditory
processing in a systematic way to discriminate between lower-level perceptual processing
of sounds, mid-level perceptual processing of speech, and finally higher-order language
comprehension. Sound perception was identified in 14/16 patients whereby significant
neural activation was found within primary auditory cortex similar to previous
neuroimaging studies in healthy volunteers. These previous studies have described sound
perception that occurs bilaterally in the primary auditory cortex within the superior
temporal gyri that includes Heschl’s gyri (Binder et al., 2000; Davis & Johnsrude, 2003;
Price, 2012). Our findings suggest that aspects of basic sound perception may remain
intact in most comatose patients. The mid-level speech perception contrast elicited
significant activation in 11/16 patients within bilateral superior and middle temporal
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gyrus similar to previous findings in healthy volunteers (Hickok & Poeppel, 2007; Rodd
et al., 2005; Scott & Wise, 2004). This result suggests that a large proportion of comatose
patients may additionally maintain speech selective perceptual processing. It is important
to note that both sound perception and speech perception can occur in the absence of
awareness as both perceptual responses are known to occur under sedation (Adapa et al.,
2014; Davis et al., 2007). However, higher level semantic processes that support
language comprehension are abolished under sedation coincident with decreased levels of
awareness (Davis et al., 2007). It is surprising then, that we found 5/16 comatose patients
had significant neural responses in the highest level language contrast, analogous to the
pattern of neural activation found in healthy volunteers. This finding suggests that some
aspects of high level language processing may occur in acute coma. Preserved language
comprehension has been found in a small proportion of VS and MCS patients (Coleman
et al., 2009; Owen et al., 2005) indicating that patients with chronic disorders of
consciousness can have preserved islands of residual cognitive function (Schiff et al.,
2002) which might also extend to acutely comatose patients.
It is difficult to determine if a positive finding within the highest level language
task represents normal language comprehension in an acutely comatose patient. As we
have employed a passive auditory task it is challenging to establish comprehension in the
absence of a behavioural response. Our ability to determine that language comprehension
has occurred in patients only extends to our ability to verify that lower level perceptual
abilities necessary to support comprehension are intact, that there was a significant
difference in activity between the meaningful language and meaningless speech condition
(which place different demands on comprehension), and that the areas of activation are
the same in comatose patients as those found in healthy control participants who have a
conscious appreciation for the language stimuli presented. However, it could be that this
pattern of activation observed in the highest level language contrast is necessary but not
sufficient to allow for comprehension.
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3.4.2

Implications for the Diagnosis of Coma
Our findings suggest that hierarchically designed fMRI tasks may provide

information about residual brain function in coma that cannot be ascertained by
traditional bedside assessment. In some instances, patients who appeared clinically
identical based on their GCS scores were vastly different in terms of brain function as
detected by fMRI. For example, Patients 9 and 15 both had a GCS score of 3, indicating
that they had no eye opening, no verbal responses, and no motor responses observed at
the beside. However, imaging revealed strikingly different patterns of neural responses to
stimuli between the two patients. Patient 9 had only a minimal response to the lowestlevel sound contrast while Patient 15 had significant responses to the sound, speech, and
language conditions. In this case functional imaging may have been able to detect the
emergence of consciousness in Patient 15 prior to detection using the traditional clinical
bedside examination. Thus, where the clinical picture might be limited in relying only on
behavioural indicators, functional neuroimaging can detect a neural response to stimuli in
the absence of physical response. Additionally, fMRI can assess higher perceptual or
cognitive processes beyond basic sensory processing observed in the clinical assessment
of the unresponsive patient. Thus functional neuroimaging might be a useful tool for the
clinician to use in combination with clinical behavioural assessment to aid the assessment
of the level of consciousness or depth of coma. As fMRI offers greater sensitivity in
detecting perceptual and higher order cognitive processing than the clinical bedside
assessment we suggest sub-categories based on fMRI findings may more accurately
describe the degree of coma and unresponsiveness.
While our findings suggest that a small proportion of patients may retain higher
levels of consciousness than detected through bedside examination we cannot determine
if patients have been misdiagnosed and retain awareness without a corresponding
behavioural response. A volitional task such as mental imagery, which requires no overt
motor behaviour on the part of the patient, could be used in this patient population to
confirm that awareness is intact. Such mental imagery tasks have previously shown
covert command following ability in some VS patients (Monti et al., 2010; Owen,
Coleman, et al., 2006) which might also occur in acute coma. However, it is also
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conceivable that some brain injured patients could retain the ability to comprehend
language but lack the cognitive resources such as short-term memory and sustained
attention that are required to follow commands.

3.4.3

Implications for Prognostication in Coma
In this study we found that the level of auditory processing was significantly

correlated with each patient’s outcome. The higher the level of auditory processing in
coma, the more likely the patient was to have made greater functional recovery.
Specifically, the two patients (Patients 3 and 15) who had the greatest activation in the
higher order language contrast made a full recovery and returned to their original
functional level prior to injury. This suggests that this fMRI task may be a prognostic
indicator that is predictive of good neurological recovery.
Our current study builds on other research examining the potential prognostic role
of fMRI in acute coma. To date, studies have examined passive tasks that only assess
primary sensory processing (Moritz et al., 2001; Gofton et al., 2009) as well as task-free
resting state neural networks (Koenig et al., 2014; Norton et al., 2012). Each study has
noted a relationship between fMRI results and prognosis, so possibly low-level primary
sensory processing and preserved functional connectivity holds some prognostic value.
However, a hierarchical assessment of auditory processing provides a superior method, as
it allows clinicians to assess the extent to which the processing is intact, and provides
specific information about where a breakdown is occurring.
The use of fMRI as a prognostic tool is also supported by research performed in
chronic disorders of consciousness which have shown that activation in higher-order
associative cortices is predictive of recovery in VS and MCS (Coleman et al., 2009; Di et
al., 2007; Di et al., 2008; Laureys et al., 2002; Li et al., 2014; Menon et al., 1998; Owen
et al., 2002, 2005; Staffen, Kronbichler, Aichhorn, Mair, & Ladurner, 2006; Yu et al.,
2013). Specifically, research using a similar hierarchical auditory task found that the level
of auditory processing in VS and MCS was predictive of subsequent behavioural
recovery (Coleman et al., 2009). In their study, Coleman et al., (2009) found that 7/8 VS
patients who had a speech or semantic response to sentence stimuli progressed to a
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minimally conscious state, regaining some level of awareness. Our study suggests that the
use of fMRI as a prognostic tool might extend beyond chronic disorders of consciousness
and could be implemented earlier in the course of injury to help clinicians prognosticate
in acute coma.
Important distinctions can be made about the trajectory of recovery in acute coma
versus chronic disorders of consciousness. Comatose patients tend to make more
meaningful recoveries than those in chronic disorders of consciousness. While
incremental gains can occur in chronic conditions, the biggest leaps in the recovery of
consciousness are likely to occur in first few weeks following injury. If functional
neuroimaging can aid in prognostication it would be most useful in acute disorders of
consciousness, such as coma.
Additionally, the prognostic value of functional neuroimaging in coma could
make important contributions in clinical decision making, as discussions surrounding
maintaining aggressive life support versus the withdrawal of life sustaining therapies
often occur in this acute stage. While poor prognostic indicators exist there is a paucity of
tools that can give us information about the chances of a patient making good functional
recovery. As a result, many ICU patients retain an indeterminate outcome and both
clinicians and families struggle with the choices of maintaining or discontinuing support.
A survey of Canadian intensivists, neurosurgeons and neurologists found significant
uncertainty in the determination of prognosis in severe traumatic brain injury as well as
variability in their recommendation to withdraw life sustaining therapies (Turgeon et al.,
2013). Thus, identifying biomarkers of good recovery, such as fMRI, may aid the neurointensivist in medical decision-making and prognostication in acute coma.

3.4.4

Challenges and Limitations
There are unique challenges in the use of fMRI as a clinical tool in the acute

comatose patient population. First, fMRI may be impractical in certain cases. Severe
traumatic brain injury resulting in deformation of the brain such as gross hydrocephalus
and midline shift may prevent the normalization of the images to a standard healthy brain
template resulting in the inability to relate any activation observed to standard stereotaxic
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space. Additionally, ongoing seizure activity and high-dose sedation can influence
observed neural activation, and thus imaging should be postponed until results can be
clearly interpreted (Weijer et al., 2015).
Second, transporting critically ill patients to the MRI scanner is associated with
increased risk of adverse events (Fanara et al., 2010). In consideration of this, research
imaging should occur at the same time as planned clinical imaging and patients with
increased intracranial pressure or hemodynamic instability should be excluded from
participation (Weijer et al., 2015).
Third, relating fMRI findings to outcome is challenging in comatose patients as a
large proportion of patients have life support therapies withdrawn and thus we are unable
to understand the true mortality rate. Physicians must rely on known prognostic tests
which inform the withdrawal of life support ultimately leading to death thus creating a
confounding effect of self-fulfilling prophecies which are impossible to avoid in the
intensive care unit (Wilkinson, 2009). This makes investigating the sensitivity and
specificity of novel prognostic tests problematic. One solution would be to only examine
the relationship between the imaging results and outcome in patients who survive injury
or have natural death. However, a large sample size would be needed, as a considerable
proportion of patients who had withdrawal of life support would have to be removed
from the analysis post-hoc.
Finally, negative functional neuroimaging findings should never be interpreted as
evidence of an absence of preserved cognitive function (Owen et al., 2007; Owen &
Coleman, 2007). False negative fMRI findings are known to occur in healthy volunteers
and thus negative findings should not be used to determine impaired sensory or
perceptual processing and should never be used in the prediction of poor outcome. In this
study we found 2 patients who subsequently died (Patient 8 and 12) in whom all three
levels of auditory processing were intact indicating that there may be the potential for
false positives in functional neuroimaging studies in acute coma. Patient 8 had
withdrawal of life support due poor prognostic indicators related to their neurological
injury. This patient had an atypical pattern of activation limited to the left hemisphere in
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each level of the task. Likely, the left sided occipital hematoma contributed to the neural
activation observed. Future studies assessing speech related processing may avoid
studying patients with known lesions to the left hemisphere. Patient 12 had life support
withdrawn as they developed severe sepsis days following imaging. A previous study in
VS found no false positives as all VS patients who had high level speech responses
progressed to MCS (Coleman et al., 2009). Additional research should address the
sensitivity of fMRI as a good prognostic indicator in acute coma.
While there are numerous challenges to overcome, it is nonetheless an important
endeavor to continue to investigate if fMRI can be used as an indicator of functional
recovery. We suggest future studies should investigate fMRI responses in a larger
homogenous patient population, such as cardiac arrest survivors, at a similar time interval
as poor prognostic tests are employed (likely between day 3-7 following injury).
Results of each individuals fMRI scan were communicated with the neurocritical
care physician involved in the patient’s care. These physicians understood the nature of
the study and the limitations of neuroimaging techniques. While the physician did not use
the findings in prognositication decisions it could have nonetheless led to unconscious
bias. Future studies should make sure the treating physicians are blind to study results
unless there is a clear indication of covert awareness.

3.4.5

Conclusion
In our study we found a wide range of variability in neural activation to auditory

stimuli across an acute comatose patient group. While some patients had no response to
any auditory stimuli other patients had significant neural responses to sound perception,
speech perception, and language comprehension contrasts. Importantly, we found that the
level of auditory processing was significantly correlated with functional recovery from
coma suggesting that high level fMRI responses may predictive of neurological recovery.
Future research should continue to evaluate fMRI as a biomarker of good recovery,
which could complement current clinical tools and aid clinicians in managing the care of
their patients, provide families with additional information to inform their decision-
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making on behalf of their loved one, and support healthcare administrators in allocating
scarce healthcare resources.
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Chapter 4

4

The Use of fMRI to Detect Awareness in the Acute
Comatose State

4.1 Introduction
Coma, a state of acute unresponsiveness (Moore & Wijdicks, 2013), is diagnosed based
on the absence of behavioural responses to external stimulation. The Glasgow Coma
Scale (GCS) is the most commonly used tool for providing an indication about the depth
of coma (Teasdale et al., 2014) . The GCS is a 3 to 15 point scale that assesses patients in
three domains: motor, verbal, and eye opening responses (Teasdale & Jennett, 1974). A
score of eight or less is widely used as the operational definition of coma (Richardson &
Richardson, 2002).
A small proportion of comatose patients transition into the vegetative state (VS),
wherein patients have regained arousal but still lack conscious awareness (Owen, 2008).
Similar to coma, the diagnosis of VS relies on the absence of purposeful behaviours in
response to external stimulation (Jennett, 2002). Due to the limited nature of traditional
behavioural assessments, there is an unfortunately high rate of diagnostic errors made in
VS patients when using these measures. Several studies have found that upwards of 40%
of patients initially-diagnosed as VS were reclassified as retaining some level of
awareness when assessed by expert examiners using more sensitive standardized
neurobehavioral assessment scales (Andrews et al., 1996; Childs et al., 1993; Schnakers
et al., 2009).
Recently, innovative functional neuroimaging procedures have identified a further
subset of VS patients who retain covert awareness despite careful behavioural
assessments by experienced teams. Using fMRI mental imagery paradigms, Owen et al.,
(2006), first reported covert conscious awareness in one VS patient. During a motor
imagery task, the VS patient was asked to imagine playing a game of tennis and the
significant activity was observed in the supplementary motor area (SMA). In contrast,
when she was asked to imagine walking through her home, significant activity was
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observed in the parahippocampal gyrus (PHG), the occipito-parietal cortex (OPJ), and the
lateral premotor cortex (PMC). These neural responses were indistinguishable from those
observed in healthy control participants (Boly et al., 2007), providing the first evidence of
intact command following ability in a behaviourally non-responsive patient (Owen et al.,
2007). Subsequent investigations using the same fMRI mental imagery tasks have found
that a minority of VS patients can willfully modulate their brain activity when instructed
and are therefore consciously aware (Fernández-Espejo & Owen, 2013; Monti et al.,
2010). Similar EEG-based tasks have also been used to detect awareness in a small
proportion of the VS patients studied (Bekinschtein et al., 2009; Cruse et al., 2011;
Gibson et al., 2014, 2016). Taken together, these findings suggest that upwards of 20% of
patients who fit the behavioural criteria for VS retain a level of covert awareness that
cannot be detected by thorough behavioural assessment.
Detection of covert awareness has not yet been investigated in acute comatose
patients. While we and others have shown some preserved sensory, perceptual, and
aspects of higher-order cognitive processing in coma using passive paradigms (see
Chapters 2 and 3; Gofton et al., 2009), no research to date has definitively identified
conscious awareness because these patterns of brain activity can occur without any
cooperation on the part of the subject. Active paradigms, such as the mental imagery
tasks described above, which require patient cooperation, allow consciousness to be
inferred because they require cognitive functions that depend upon conscious awareness.
Our aim in the current study was to determine if covert awareness could be detected in
acute coma. We employed two fMRI mental imagery tasks in a group of comatose
patients to determine if any of these individuals can retain covert signs of awareness,
similar to the findings that have been reported in a small proportion of VS cases. We
hypothesized that we would be able to map, for the first time, covert awareness in some
patients who clinically appear to be comatose.
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4.2
4.2.1

Methods
Participants

A convenience sample of 17 critically brain injured patients were recruited from the
London Health Sciences Centre (London, Ontario, Canada). All subjects underwent fMRI
imaging in order to evaluate covert command following abilities. Patient demographic
data can be found in Table 4.1. Individuals were included into the study if they were 18
years of age or older, were admitted to either the Medical Surgical Intensive Care Unit or
Critical Care Trauma Centre suffering from a severe brain injury rendering them
unresponsive, and were receiving life sustaining therapies. Subjects were ineligible for
the study if they were heavily sedated, hypothermic, had unstable cardiac or respiratory
status, or had a contraindication for MRI. Written informed consent was obtained from
the substitute decision maker of each patient.
Fourteen right-handed healthy participants (23 ±3 years, 9 males) also took part in
the study. All volunteers had no known neurological or psychiatric disease and provided
their written informed consent and were compensated for their participation. Ethical
approval for the research study was obtained by the Health Sciences Research Ethics
Board of Western University and all study procedures were performed in accordance with
relevant guidelines and regulations.
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Table 4.1. Demographic data.
Study
ID

Age

Sex

Etiology

1
2

67
66

F
M

3
4

66
28

F
M

5
6

42
32

M
M

7
8

59
30

F
M

9
10

62
20

M
M

11

30

M

12
13

36
67

M
F

14

38

F

15
16

55
34

M
M

17

25

M

Hepatic Failure
Intracerebral
Hemorrhage
Cardiac Arrest
Status
Epilepticus
Stroke
Status
Epilepticus
Brain Abscess
Intracerebral
Hemorrhage
Cardiac Arrest
TBI + Cardiac
Arrest
Infection
(secondary to
brainstem
tumor)
Hepatic Failure
HSV
encephalitis
Intraventricular
Hemorrhage
Cardiac Arrest
Diffuse Axonal
Injury
Diffuse Axonal
Injury

4.2.2

Time of
scan
postictus
9 days
23 days

GCS at
Scan
(E,M,V)
8 (3,4,1T)
5 (1,3,1T)

Response to
Motor
Imagery
Task
No
No

Response to
Spatial
Navigation
Task
No
No

11 days
3 months

8 (3,4,1T)
6 (4,1,1T)

No
No

No
No

22 days
5 months

9(4,4,1T)
6(4,1,1T)

No
No

No
No

13 days
8 days

9(4,4,1T)
7(2,4,1T)

No
No

No
No

4 days
21
months
3 days

3(1,1,1T)
8(4,3,1T)

No
No

No
No

6(4,1,1T)

No

No

6 days
22 days

6(1,4,1T)
6(1,4,1T)

No
No

No
No

32 days

7(2,4,1T)

No

No

4 days
26 days

3(1,1,1T)
8(4,3,1T)

No
No

No
No

11 days

4(2,1,1T)

Indeterminate

Yes

Mental Imagery Task

Prior to imaging, all participants were given pre–recorded spoken instructions on how to
perform two mental imagery tasks, motor imagery and spatial navigation imagery, which
have been previously described by others (Boly et al., 2007; Fernández-Espejo et al.,
2014; Fernández-Espejo & Owen, 2013; Gibson et al., 2014; Owen, Coleman, et al.,
2006). For the motor imagery task, participants were instructed to imagine playing a
vigorous game of tennis, swinging their arm back and forth to hit a ball over and over
again when cued in the scanner by the instruction “imagine playing tennis.” They were
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instructed to continue to perform the tennis imagery until they heard the words “now just
relax.” Prior to the spatial navigation task, individuals were instructed to imagine moving
around their home and visualize everything they see when moving from room to room
each time they heard the words “imagine moving around your house” until they heard the
instruction “now just relax.” Both paradigms were five and a half minutes in length and
had an interleaved block design of thirty seconds of mental imagery with alternating rest
periods.

4.2.3

MRI acquisition

Imaging was performed on a three different 1.5 T General Electric MRI systems at
London Health Sciences Centre (London, Canada). The functional paradigms used a T2*weighted acquisition sequence (TR = 2500ms, TE = 40ms, matrix size = 64 x 64, slice
thickness = 3mm, in-plane resolution = 3.75mm x 3.75mm, flip angle 90°). Each volume
comprised 30 oblique interleaved slices. A T1-weighted axial SPGR pulse sequence was
also obtained.

4.2.4

FMRI analysis

Image preprocessing and statistical analyses were conducted using Statistical Parametric
Mapping (SPM8, www.fil.ion.ucl.ac.uk/spm). Preprocessing steps included manual ACPC reorientation, realignment, co-registration of functional images to the structural
images, segmentation, normalization and smoothing using an 8mm FWHM Gaussian
kernel. Single-subject fixed effect analysis was used for individual participants. Based on
the general linear model (GLM), regressors for each paradigm were modelled to the
canonical haemodynamic response function as belonging to the mental imagery (motor or
spatial navigation) or the rest condition. Movement parameters were included as
covariates. Single-subject results were thresholded at a peak voxelwise threshold p <
.001, uncorrected, followed by whole-brain FDR-corrected for multiple comparisons
using cluster extent, p < .05.
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A region-of-interest (ROI) approach was used to analyze brain responses in
individual patients during both mental imagery tasks to determine whether the extent of
activation in each subject was similar to healthy control participants. The ROI used for
motor imagery was the supplementary motor area (SMA); and the occipito-parietal
junction (OPJ) was used for spatial navigation. These ROIs were defined using a withingroup analysis (one sample t test) from the healthy control group using a cluster-defining
voxelwise threshold of p < .001 (uncorrected), followed by a whole-brain false discovery
rate (FDR) correction for significance using cluster extent, p < .05. The ROI found in
healthy controls for The MarsBaR SPM toolbox (http://marsbar.sourceforge.net/) was
used to generate ROIs and test the activations.

4.3

RESULTS

Of the 17 patients, only one displayed covert command following abilities. In this
comatose individual (Patient 17), the spatial navigation task (imagine moving throughout
the rooms of their home) elicited significant activity in OPJ (Figure 4.1). Healthy control
participants had similar activation in the OPJ, as well as cerebellum, parahippocampal
gyrus, and left middle frontal gyrus. The Supplementary Appendix includes detailed
results and a description of the clinical assessment of this patient.
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Figure 4.1. FMRI activation observed during the spatial navigation imagery task for
a group of healthy participants and one acutely comatose subject. In healthy
participants, a whole-brain group analysis revealed significant activation in the
occipito-parietal junction, cerebellum, parahippocampal gyrus, and left middle
frontal gyrus using a threshold of p < .05, FDR-corrected for multiple comparisons.
Group analysis is shown on a canonical single-subject T1 MRI image. In Patient 17,
a whole-brain analysis revealed significant activation in the occipito-parietal
junction with results displayed at a peak voxelwise threshold p < .001, uncorrected,
followed by whole-brain FDR-corrected for significance using cluster extent, p < .05
and displayed on the patient’s normalized T1 image.
Upon examination of the time course of activity in the patient, we found that the
changes in the blood-oxygen-level dependent (BOLD) signal within the OPJ closely
matched the pattern of activity observed in healthy volunteers throughout the entire
scanning session (Figure 4.2). The BOLD response was tightly coupled to the verbal task
instruction and was maintained for each 30 second block.
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Figure 4.2. Plot of the BOLD timecourse within the peak voxel in the occipitoparietal junction for the spatial navigation task as a function of the scan duration
for comatose patient 17 (red) and healthy control participants (mean timecourse in
black and standard deviation shaded in gray).
Additionally, the extent of activity observed within the occipito-parietal junction
during the spatial navigation task was within the bounds of normal variability found in
the healthy volunteers (Figure 4.3).
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Figure 4.3. The patterns of activation in the regions-of-interest in the spatial
navigation task for comatose patient 17 and healthy controls. SMA = supplemental
motor area, OPJ = occipito-parietal junction.
In healthy volunteers, motor imagery produced significant activation in the
supplementary motor area. In Patient 17, when instructed to perform the motor imagery
task (imagine playing tennis) no significant activity was observed within the
supplementary motor area. However, significant robust activation was observed in the
left medial superior frontal gyrus (see Figure 4.4).
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Figure 4.4. FMRI activation observed during the motor imagery task (imagine
playing tennis) for a group of healthy participants and one acutely comatose subject.
In healthy participants, a whole-brain group analysis revealed significant activation
in the occipito-parietal junction, cerebellum, parahippocampal gyrus, and left
middle frontal gyrus using a threshold of p < .05, FDR-corrected for multiple
comparisons. Group analysis is shown on a canonical single-subject T1 MRI image.
In Patient 17, a whole-brain analysis revealed significant activation in the left
medial superior frontal gyrus with results displayed at a peak voxelwise threshold p
< .001, uncorrected, followed by whole-brain FDR-corrected for significance using
cluster extent, p < .05 and displayed on the patient’s normalized T1 image.
Increases in the BOLD signal within the left middle frontal gyrus was associated
with each motor imagery instruction and was sustained until the relax cue was given
(Figure 4.5).
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Figure 4.5. BOLD signal change obtained from Patient 17 in the peak voxel of the
medial superior frontal gyrus during the motor imagery task.

4.4

Discussion

In this study, fMRI was used to determine if undetected conscious awareness occurs in
acute coma. In a sample of 17 patients, 1 patient was able to willfully modulate their
brain activity when instructed. Initially, using a hierarchical auditory task, we found
significant brain activity to sound perception, speech perception, and language
comprehension contrasts providing evidence that lower-level processes required to
support cognition were intact (see Supplementary Appendix). Following the
establishment of these necessary, yet passive processes, we attempted to detect the
presence of conscious awareness. When prompted to perform a spatial navigation task
(imagine moving throughout your home), the patient generated intentional, consistent,
and repeatable brain activity in an appropriate neuroanatomical location. The observed
BOLD activity persisted for every 30 second task block for the entire duration of the scan
and only changed when cued with the instruction to relax. The spatial localization and
intensity of the BOLD response in the patient was indistinguishable from healthy control
volunteers. Taken together, these findings suggest that although the patient met the
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clinical criteria for a diagnosis of coma, he retained the ability to comprehend language
and to covertly respond to instructions by modulating his brain activity, confirming that
he was consciously aware of his environment.
During the motor imagery task, the patient did not display typical SMA
activation, as seen in healthy control participants; however, given the nature of the
patient’s etiology, diffuse axonal injury, his inability to activate the appropriate area may
have resulted from structural damage to the motor cortex, as significant damage to the
corticospinal white matter tracts was observed (see Supplemental Appendix). Gibson et
al., 2014, have reported similar findings in two VS patients who were able to demonstrate
appropriate activity during spatial navigation, but not during motor imagery and these
patients both presented with specific damage to motor areas. Interestingly, while we did
not observe activation in the SMA in our patient, we did find robust brain activity in the
left medial superior frontal gyrus. The mechanism for which this pattern of activity
occurred is unclear; however, the prefrontal cortex has been implicated in the temporal
control of motor behaviour (Narayanan & Laubach, 2006) and exerts top-down control in
coordination and planning of motor actions (Fuster, 2000). Therefore, it is plausible that
the subject was demonstrating perilesional recruitment of compensatory brain areas due
to intrinsic plasticity, as the brain attempted to restructure neural networks and
reconfigure activity following trauma.
Among all of the patients studied, only 1/17 (6%) showed evidence of command
following. This suggests that the incidence of covert awareness in acute coma, as
detected by functional neuroimaging, is lower than findings in chronic disorders of
consciousness (approx. 20%). This could indicate that covert awareness is rare in acute
coma or that the functional neuroimaging paradigms may have a lower sensitivity in
detecting awareness in the acute stage. The latter of these two suggestions is favored, as
6/17 of these patients retained higher-order language comprehension during an fMRI
hierarchical auditory task (see Chapter 3). It is possible that awareness could have been
preserved in a subset of these patients but due to the high cognitive demands of the task,
they were unable to elicit a response that could be detected. Indeed, a small proportion of
healthy volunteers have failed to show neural responses during the same mental imagery
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tasks (Fernández-Espejo et al., 2014; Gabriel et al., 2015) suggesting that false negatives
can occur with the use of current mental imagery protocols. Additionally, it is possible
that this methodology is best suited for detecting awareness in a subset of comatose
patients, as the covertly aware subject, Patient 17, had a traumatic brain injury and no
covert responses were observed in any patient with a non-traumatic brain injury. This is
in keeping with findings of preserved covert consciousness seen only in traumatic causes
of VS (Fernández-Espejo & Owen, 2013; Monti et al., 2010; Naci & Owen, 2013). The
nature of a traumatic brain injury often may be indicative of more focal damage, as
opposed to anoxic damage, which is typically more widespread. As a result, the
traumatically injured brain may demonstrate more neuroplasticity than other etiologies of
coma, as intact regions of the brain may be recruited during the reconfiguration of neural
networks during recovery. Non-traumatic etiologies of coma, particularly post-cardiac
arrest, have higher mortality rates than TBI. Additionally, late recovery of awareness is
more prevalent in younger patients and those who have suffered a TBI (Estraneo et al.,
2010). Thus these mental imagery tasks might be particularly useful in assessing
awareness in young traumatic brain injured patients.
Our findings suggest that fMRI should be used in concert with current clinical
measures to aid in the diagnosis of coma. Measuring the depth of coma solely based on
behavioural responses at the bedside might fail to identify some patients who have absent
motor function in response to external stimulation, but who otherwise retain covert
awareness. Impaired motor response in acutely unresponsive patients can result from
critical illness polyneuropathy/myopathy, a syndrome that is characterized by symmetric
limb muscle weakness, which occurs in upwards of 50% of patients in ICU (Green,
2005). The prevalence of residual consciousness in acute coma is unknown, although our
study suggests that is likely much lower than chronic disorders of consciousness.
Identifying residual cognitive function in acutely nonresponsive patients is of
paramount importance, because important discussions surrounding the continuation or
removal of life sustaining therapies occur during this early period of time during patient
care. In the best case scenario, fMRI may detect awareness prior to any discernible
behavioural observations. In addition, we have reason to believe that functional
142

neuroimaging techniques may hold important prognostic value in coma, as previous
studies have shown that some VS patients, who could complete the mental imagery tasks,
subsequently recovered overt behavioural markers of awareness (Bekinschtein, Manes,
Villarreal, Owen, & Della-Maggiore, 2011; Owen & Coleman, 2008). Despite its promise
for prognosis, caution must be taken as evidence of consciousness during the acute stage
does not indicate with certainty that a patient will progress beyond that level of severe
disability. For example, findings of covert awareness have been documented in one VS
patient 12 years post-injury (Fernández-Espejo & Owen, 2013).
For the first time, we have identified conscious awareness in an acutely comatose
patient in the first few days following a brain injury. While previous research has found
covert consciousness in other nonresponsive patients, these discoveries occurred months
or years following injury. It is unknown when awareness was regained (or how long
awareness had gone undetected) in these patients. We suggest that this fMRI technique
should be implemented in the earliest stages of injury, which would provide the greatest
benefit to the patient, families, and clinicians. Functional neuroimaging could allow
physicians to identify patients who might benefit from more intensive rehabilitation
efforts and could also allow acutely comatose patients to communicate their inner
thoughts and needs through modulating their brain activity.

4.5
4.5.1

Supplementary Appendix
Patient History and Clinical Assessment

The patient was a 25-year old male who was transferred to hospital following a motor
vehicle collision. At the scene the patient was unconscious with a GCS of 3 and was
hypothermic. Upon admission to the hospital he was unconscious, was not moving any
limbs spontaneously, and his eyes remained closed. Upon initial neurological
examination he had no motor response, no sensory response, and no brainstem reflexes.
His left pupil was 3mm in size and right pupil was 2mm in size and both were nonreactive. Initial CT done on admission revealed a small acute subdural hemorrhage along
the right convexity and along the falx with questionable tiny foci of intraparenchymal
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hemorrhage suggestive of hemorrhagic diffuse axonal injury. His initial imaging reflected
a modified Marshall CT grade of 1. Other injuries included a right clavicle fracture,
bilateral trace pneumothoraces, small splenic laceration, right renal contusion, left renal
laceration, fracture and degloving of the left forearm, pulmonary embolism, and
traumatic pancreatitis. A structural MRI performed 3 days post-injury confirmed
hemorrhagic diffuse axonal injury of the cerebral hemispheres and corpus callosum with
no ventricular distention. An EEG was also completed 3 days post-injury and showed
generalized suppression mostly over the posterior head with slight increase in theta
rhythms during stimulation, suggestive of a severe encephalopathy with minimal
reactivity during afferent stimuli.
On day 11 post-injury, the patient had the fMRI study and structural MRI imaging
repeated. At the time of imaging, the patient had a GCS of 4 (2E,1V,1M). Neurological
examination revealed non-equal but reactive pupils, with present corneals, and cough.
Patient was endotracheally intubated and was receiving mechanical ventilation. At the
time of imaging the patient was stable and receiving no sedation. Structural imaging
revealed interval development of symmetrical and confluent restricted diffusion
bilaterally within the white matter tracts. The areas of greatest restriction surrounded the
areas of greatest hemorrhagic diffuse axonal injury.
The patient was transferred back to his home hospital 25 days after injury for TBI
rehabilitation. At the time of transfer the patient could only open his eyes spontaneously,
with no tracking or interaction and had a left-gaze preference. He could not obey
commands and had no spontaneous movements of arms and legs but could withdraw both
upper extremities proximally and had hyperreflexia in lower extremities. He retained a
clinical diagnosis of vegetative state at discharge.
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Figure 4.6. Structural imaging findings of Patient 17. Panels A-C: T2 weighted trace
hyperintensities with corresponding apparent diffusion coefficient hypointensity
seen in the corpus callosum, and internal capsules extending up to the coronal
radiata and centrum semiovale bilaterally (sparing subcortical U fibers). Panel D:
Multiple punctate foci of susceptibility artifacts are scattered within the white
matter of the frontal lobes bilaterally, left posterior frontal/parietal lobe, splenium
of the corpus callosum and the left anterior temporal lobe compatible with
hemorrhagic diffuse axonal injury.

4.5.2

Auditory Processing in Patient 17

Prior to employing the fMRI mental imagery tasks, an fMRI hierarchical auditory task
was used to assess auditory processing in this patient. The paradigm and methodology for
this task are described in Chapter 2. We observed significant neural responses to all three
levels of the task similar to previous findings in healthy control participants (see Chapter
2).
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Figure 4.7. Results of a hierarchical auditory task obtained from Patient 17. The top
panel shows significant activation to the sound perception condition (sound >
silence), the middle panel shows significant activation to the speech perception
condition (speech > SCN), and the lower panel shows significant activation to the
language comprehension condition (complex language > pseudoword sentences).
Results are displayed on the patient’s normalized T1 image. For sound and speech
perception, the patient’s results are thresholded at p < .001, uncorrected, masked
inclusively by the group analysis of healthy control participants thresholded at p <
.05 FDR corrected (see Chapter 2). For language comprehension, whole-brain
results are displayed on slices where peak was observed at an uncorrected threshold
of p < .001.
In the sound perception condition, we found robust activation in the right
posterior superior temporal gyrus. While the activation was only extensive in the right
hemisphere, a neural response was observed in the left anterior division of the
supramarginal gyrus at the whole brain level at an uncorrected p < .001. The speech
perception condition revealed robust activation bilaterally in the temporal cortex with
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peak activation observed in the left posterior middle temporal gyrus and right posterior
inferior temporal gyrus. The language comprehension condition, which compared
complex language to pseudoword sentences, elicited significant activation in the left
anterior supramarginal gyrus. Taken together, these findings suggest that the patient
retained sound perception, speech perception, and language comprehension abilities.
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Chapter 5

5

The use of fMRI as a Communication Tool in Severe
Guillain-Barré Syndrome

5.1 Introduction
Guillain-Barré syndrome (GBS) is the most common cause of acute neuromuscular
paralysis worldwide (Yuki & Hartung, 2012). GBS is an autoimmune disorder that
targets the peripheral nervous system, while the central nervous system is usually spared.
While most patients ultimately recover, at the height of the illness GBS can cause severe
muscle weakness and even total immobility, including all eye movements, mimicking the
complete locked-in syndrome (Willison, Jacobs, & van Doorn, 2016). Thus, in severe
cases, this renders patients fully alert and conscious while totally immobile. Individuals
are unable to communicate wishes or describe inner experiences. Importantly, they may
be unable to report any experiences of pain, which is a common symptom of GBS,
occurring in up to 89% of cases (Moulin, Hagen, Feasby, Amireh, & Hahn, 1997). They
may also be unable to communicate mental status changes such as anxiety, depression,
illusions, hallucinations, and delusions which are frequently reported in GBS (Cochen et
al., 2005; Sharshar et al., 2012). While treatment strategies exist to alleviate these
complications, physicians depend on patients’ reports in order to detect symptoms. When
communication of symptoms becomes impossible, individuals suffer in silence. Thus, in
our ICU, the standard of care for severe GBS is to sedate patients during the period of
complete paralysis in an effort to ease anxiety, alleviate pain, and prevent posttraumatic
stress disorder (Savard, Al Thenayan, Norton, Sharpe, & Young, 2009).
Here we describe two patients with severe GBS who, while they could still
communicate with medical staff, refused the administration of sedation as they
progressed to a complete locked-in state. Once locked-in, functional magnetic resonance
imaging (fMRI) was used in an effort to establish communication with these patients as
no alternative means of communication were available. The feasibility of fMRI as a
communication tool has been previously assessed in healthy control subjects (Gabriel et
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al., 2015; Monti et al., 2010; Sorger et al., 2009; Sorger, Reithler, Dahmen, & Goebel,
2012). This technique has also been used to communicate with patients with chronic
disorders of consciousness who, like those with severe GBS, lack the overt motor
responses that are required for traditional forms of communication (Fernández-Espejo &
Owen, 2013; Monti et al., 2010). In this report we evaluate the utility of fMRI as a means
of communication in severe GBS in an effort to assess the patients’ clinical condition and
mental status.

5.2
5.2.1

Methods
Participants

5.2.1.1

Healthy Participants

Fourteen right-handed healthy participants (23 ±3 years, 9 males) took part in the study.
Participants had no known neurological or psychiatric disease. All participants provided
their written informed consent and were compensated for their participation. Ethical
approval for the research study was obtained by the Health Sciences Research Ethics
Board of Western University and all study procedures were performed in accordance with
relevant guidelines and regulations.

5.2.1.2

Guillain-Barré Patients

Two completely locked-in patients participated in the study and written informed consent
was obtained from their substitute decision makers.
Patient 1 was a 70 year old male who presented to hospital with progressive upper
limb weakness over the course of 3 days at home. Following hospital admission the
patient developed progressive respiratory weakness with dysarthria and dysphagia. He
was admitted to our ICU 13 days after hospital admission suffering from respiratory
failure and required mechanical ventilation. The patient had a lumbar puncture that
showed elevated protein and an electromyography exam was consistent with an acute
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motor and sensory axonal neuropathy variant of GBS. The patient was treated with two
courses of intravenous immunoglobulin in the first few weeks of illness. While the
patient could still communicate with left eyebrow movement and lateral movement of
jaw he repeatedly indicated that he did not want to be sedated if his condition progressed
to a complete locked-in state. On Day 38 of admission to hospital, the patient lost all
muscle movement for communication. Following more than 6 weeks of absent motor
responses the neurocritical care team requested an fMRI to try to determine if the patient
could still hear, as significant demyelination of the cranial nerves had occurred.
Neurological examination revealed that the patient had become de-efferented with nonreactive pupils, absent corneal reflexes, no cough or gag reflex, and no respiratory effort.
An initial fMRI scan was conducted to assess the extent of auditory processing and
command following. Positive fMRI findings encouraged a follow-up fMRI exam 3 days
later to determine if the patient could communicate using fMRI. Approximately one
month following imaging, the patient had a return of reliable means of communication
through eyelid blink and jaw movement. Unfortunately, a 6 month EMG and nerve
conduction study revealed very little improvement suggesting the patient would
ultimately be severely impaired with his activities of daily living. After extensive
conversations between the patient’s family and the clinical team, life sustaining therapies
were withdrawn and the patient died 7 months following admission to hospital.
Patient 2 was a 74 year old male who presented to hospital with respiratory
dysfunction, dysphagia, and ascending weakness which was predated by a viral illness.
The patient was admitted to our ICU upon hospital admission for respiratory failure and
required mechanical ventilation. While the patient’s initial lumbar puncture was normal,
an electromyography exam was consistent with an acute motor axonal neuropathy variant
of GBS. He was treated with two courses of intravenous immunoglobulin in the first few
weeks of illness. The patient also indicated that he did not want to be sedated as his
condition progressed to a complete locked-in state. On Day 10 of admission to hospital
the patient lost eye movement for communication. An fMRI exam was performed 2 days
later (Day 12) to screen the patient for delirium and mental status changes, and collect
information about his clinical condition. The patient regained eye movement 30 days
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following admission and currently (4 months from admission) continues with slow
gradual improvement including consistent eye movement and weak head and shoulder
movements.
.

5.2.2

Stimuli

All stimuli were recorded by a male native English speaker and played through MRI
compatible noise-attenuated headphones.

5.2.2.1

Hierarchical Auditory Task

In Patient 1, a hierarchical auditory paradigm, previously described (see Chapter 2), was
first employed to determine the patient’s ability to hear. Briefly, the paradigm was
presented in an interleaved block design and consisted of four different auditory
conditions: silence, signal correlated noise (SCN), pseudoword sentences, and complex
narratives. Each condition was 30 seconds in length and repeated five times for a total of
10 minutes. To determine if basic sound perception remained intact in the patient, we
compared the haemodynamic responses of all auditory stimuli conditions (SCN, complex
language, and pseudoword sentences) to the silent baseline condition. To assess speech
perception, we compared the speech conditions (complex language and pseudoword
sentences) to the SCN condition. To determine if the patient could comprehend language,
we compared the complex language condition to the pseudoword condition.

5.2.2.2

Imagery Tasks

Healthy control participants and both patients performed two mental imagery tasks,
motor imagery and spatial navigation imagery, as previously described by others (Boly et
al., 2007; Fernández-Espejo et al., 2014; Fernández-Espejo & Owen, 2013; Gibson et al.,
2014; Monti et al., 2010; Owen et al., 2006). In the motor imagery task, participants were
instructed to imagine playing a vigorous game of tennis in which they were to remain
stationary but swing their arm back and forth to hit a ball over and over again. In the
spatial navigation task, participants were instructed to imagine moving around the rooms
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their home and visualize everything they see when moving from room to room. Both
paradigms were five and a half minutes in length and had an interleaved block design of
30 seconds of mental imagery alternating with rest periods.

5.2.2.3

Communication Tasks

Once mental imagery was established in each patient, multiple fMRI communication
scans were employed. Prior to each scan a yes-or-no question was asked and the patients
were instructed to answer the question by either performing motor imagery to convey a
“yes” response, or spatial navigation to convey a “no” response. The communication
scans were identical to the mental imagery scans, except the beginning of each imagery
period was cued with the word “imagine” whereby the patient was asked to answer the
question by imagining the task that corresponded to the response they wished to convey.

5.2.3

MRI acquisition

Imaging was performed on a Signa 1.5T Excite HDxt TwinspeedMRI system at the
University Hospital LHSC (London Health Sciences Centre, London, Canada). The
functional paradigms used a T2*-weighted single shot echo-planar imaging acquisition
sequence was (TR = 2500ms, TE = 40ms, matrix size = 64 x 64, slice thickness = 5mm,
in-plane resolution = 3.75mm x 3.75mm, flip angle 90°). Each volume comprised 30
contiguous (no gap) slices. A T1-weighted 3D-FSPGR pulse sequence was also obtained.

5.2.4

FMRI analysis

Image preprocessing and statistical analyses were conducted using Statistical Parametric
Mapping (SPM8, www.fil.ion.ucl.ac.uk/spm). Functional images were manually AC-PC
reoriented, realigned to help correct for motion, co-registered to the structural images,
normalized to the echo planar imaging template provided in SPM8 and smoothed using
an 8mm FWHM Gaussian kernel. For the healthy control group, one-sample t-tests were
performed on both mental imagery tasks to obtain the patterns of activity for the group at
the whole-brain level, using a cluster-defining voxelwise threshold of p <.001
(uncorrected), followed by a whole-brain FDR-correction for significance using cluster
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extent, p <.05. Single-subject fixed effect analysis was used for both healthy participants
and patients. Based on the general linear model (GLM), regressors for each paradigm
were modelled to the canonical haemodynamic response function. For the hierarchical
auditory task, regressors that corresponded to the presentation of silence, signal
correlated noise, and the two speech conditions were created. In the mental imagery and
communication scans, each scan was modelled as belonging to the mental imagery
(motor or spatial navigation) or the rest condition. Movement parameters were included
as covariates in all tasks. Single-subject results were thresholded at a peak voxelwise
threshold p <.001, uncorrected followed by whole-brain FDR-corrected for multiple
comparisons using cluster extent, p <.05. Given our strong anatomical a priori
hypotheses, when no significant activation was observed at this level, the statistical
threshold was reduced to an uncorrected p < 0.001 to exclude the possibility of failing to
detect more subtle changes in the blood oxygen level-dependent (BOLD) signal due to
this conservative approach (Gibson et al., 2014).
In a further quantitative analysis, a region-of-interest (ROI) approach was used to
analyze brain responses in individual subjects during the mental imagery and
communication scans. Subject-specific ROIs were defined as a 10mm sphere with the
center coordinates at the peak voxel of the most strongly activated significant cluster
found in the motor imagery and spatial navigation task, which represented the
supplementary motor area (SMA) and the occipito-parietal junction (OPJ), respectively.
These ROIs were used to test for significant activation in both mental imagery scans and
the communication scans. The MarsBaR SPM toolbox (http://marsbar.sourceforge.net/)
was used to generate ROIs and test the activations.
In the communication scans, a similarity metric previously described by Monti et al.,
(2010) was used to quantify how closely the activity in each communication scan
matched either mental imagery localizer task in order to decode the patient’s response.
The relative similarity was assessed according to the Euclidean distance whereby the
activity within each scan was plotted within a two dimensional plane with the axes
representing the activation within each ROI from the imagery localizer scans (SMA for
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tennis imagery, or OPJ for spatial navigation). The relative similarity for each
communication response was derived from this formula:
Relative Similarity of Communication Scan to Tennis Imagery Localizer:
𝑟𝑠(𝐶𝑖 , 𝑇𝐿) = 1 − (

𝑑(𝐶𝑖 , 𝑇𝐿)
)
𝑑(𝐶𝑖 , 𝑇𝐿) + 𝑑(𝐶𝑖 , 𝑁𝐿)

Relative Similarity of Communication Scan to Spatial Navigation Localizer:
𝑟𝑠(𝐶𝑖 , 𝑁𝐿) = 1 − (

𝑑(𝐶𝑖 𝑁𝐿)
)
𝑑(𝐶𝑖 , 𝑇𝐿) + 𝑑(𝐶𝑖 , 𝑁𝐿)

The relative similarity (rs) of a specific communication response (Ci) and each
imagery localizer (tennis localizer, TL; and navigation localizer, NL) is equal to one
minus the ratio of the distance between Ci and each imagery localizer, and the total
distance between the communication question from the two localizers (with d(x,y)
representing the Euclidean distance separating point x from point y).

5.3

5.3.1

RESULTS

Auditory Processing in Patient 1

Functional neuroimaging performed on Patient 1 was used to assess if he could perceive
auditory stimuli because a neurological examination had revealed extensive cranial nerve
damage. The hierarchical auditory task revealed significant neural responses to all three
levels of task, similar to previous findings in healthy control participants (Figure 4.1).
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Figure 5.1. GBS Patient 1 results for the hierarchical auditory task. The top panel
shows significant activation to the sound perception condition (sound>silence), the
middle panel shows significant activation to the speech perception condition
(speech>SCN), and the lower panel shows significant activation to the language
comprehension condition (complex language>pseudoword sentences). Whole-brain
results are displayed on slices where peak was observed and shown on the patient’s
T1 MRI image. Images are thresholded at a peak voxelwise threshold p <.001,
uncorrected followed by whole-brain FDR-corrected for significance using cluster
extent, p <.05.
In the sound perception condition, we found robust bilateral activation in the
temporal cortex with peak activation observed in the posterior superior temporal gyrus
centered on Heschl’s gyrus, bilaterally. The speech perception condition revealed robust
activation bilaterally in the temporal cortex of Patient 1 with greater spatial activation in
the left temporal cortex extending outward from the posterior superior temporal gyrus to
the angular gyrus, inferior temporal pole, and inferior frontal gyrus. The language
comprehension condition which compared complex language to pseudoword sentences
elicited left hemisphere dominant activation with peak activation observed in the left
angular gyrus.
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5.3.2

Mental Imagery Tasks
The motor imagery task (imagine playing tennis versus rest) elicited significant

activation in the supplementary motor area for healthy volunteers. In Patient 1, motor
imagery elicited significant activity in the supplementary motor cortex, primary motor
cortex, precuneus, cerebellum, and left frontal pole. In Patient 2, motor imagery elicited
significant activity in the supplementary motor cortex and primary motor cortex
exclusively (Figure 5.2).

Figure 5.2. FMRI activation observed during the motor imagery task for a group of
healthy participants (top panel) and two completely locked-in GBS patients (middle
and lower panel). In healthy participants, a whole-brain group analysis revealed
significant activation in the supplementary motor area, using a threshold of p < .05,
FDR-corrected for multiple comparisons. Group analysis is shown on a canonical
single-subject T1 MRI image. In both patients, extensive significant activation was
observed in the supplementary and primary motor cortex. Patients’ results are
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displayed at a peak voxelwise threshold p < .001, uncorrected followed by wholebrain FDR-corrected for significance using cluster extent, p < .05 and displayed on
their individual normalized T1 image.
Additionally, the extent of activity observed in the motor imagery task was within
the bounds of normal variability found in the healthy volunteers (Figure 5.3).
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Motor Imagery

Figure 5.3. The patterns of activation in the regions-of-interest in the motor imagery
task for both GBS patients and healthy controls. The error bars reflect the standard
deviation of the healthy group. SMA = supplemental motor area, OPJ = occipitoparietal junction.
In healthy volunteers the spatial navigation task (imagine moving around the
rooms of your house compared to rest) elicited significant activation in the occipitoparietal junction, cerebellum, parahippocampal gyrus, and left middle frontal gyrus.
Similar to the healthy controls, significant activation of the occipito-parietal junction was
observed in both patients (Figure 5.4).
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Figure 5.4. FMRI activation observed during the spatial navigation imagery task for
a group of healthy participants (top panel) and two completely locked-in GBS
patients (middle and lower panel). In healthy participants, a whole-brain group
analysis revealed significant activation in the occipito-parietal junction, cerebellum,
parahippocampal gyrus, and left middle frontal gyrus using a threshold of p < .05,
FDR-corrected for multiple comparisons. Group analysis is shown on a canonical
single-subject T1 MRI image. In patient 1 a whole-brain analysis revealed
significant activation in the occipito-parietal junction with results displayed at a
peak voxelwise threshold p < .001, uncorrected followed by whole-brain FDRcorrected for significance using cluster extent, p < .05 and displayed on the patient’s
normalized T1 image. Patient 2 had weaker activation in the occipito-parietal
junction with results displayed at a peak voxelwise threshold of p < .001,
uncorrected for multiple comparisons.
The extent of activity observed within the occipito-parietal junction during the spatial
navigation task was also within the bounds of normal variability found in the healthy
volunteers (Figure 5.5).
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Figure 5.5. The patterns of activation in the regions-of-interest in the spatial
navigation task for both patients and healthy controls. The error bars reflect the
standard deviation of the healthy group. SMA = supplemental motor area, OPJ =
occipito-parietal junction.

5.3.3

Communication Tasks

As both patients could relaibly perform the mental imagery tasks, these tasks then
became surrogate markers of binary communication during a series of questions. For
each question, both patients were instructed to perform motor imagery to respond ‘yes’ to
the question or perform the spatial navigation task to respond ‘no’ to the question.

5.3.3.1

GBS Patient 1

In Patient 1’s functional neuroimaging scan, we evaluated four autobiographical
questions to test self-identity and orientation in space, similar to previous communication
attempts with non-responsive patients (Fernández-Espejo & Owen, 2013; Monti et al.,
2010) . The neural activity oberserved in response to the first question, “Is your last name
<incorrect name>?” closely matched that activity observed in the spatial navigation task
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indicating a correct ‘no’ response. The second question, “Is your last name <correct
name>?” did not elicit activation in the peak ROI found in either mental imagery task.
However, the patient did display robust significant activation bilaterally in lateral
premotor cortex (BA 6) (Figure 5.6).

Figure 5.6. Patient 1’s whole-brain response to a question asking about his correct
last name. Significant bilateral activation was observed in the lateral premotor
cortex. Results displayed at a peak voxelwise threshold p <.001, uncorrected
followed by whole-brain FDR-corrected for significance using cluster extent, p <.05
and displayed on the patient’s normalized T1 image.
The remaining two questions that pertained to orientation in space (“are you in the
hospital?” and alternatively, “are you in the supermarket?”) did not yield statistically
significant responses (Figure 5.7).
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Figure 5.7. Patient 1’s neural activation represented by T statistic graphs within the
regions of interest (supplementary motor area (SMA) and occipito-parietal junction
(OPJ)) for the mental imagery and communication tasks, *p < 0.05, ***p < 0.001.
Using the relative-similarity analysis, the three questions that had activity
observed within the regions of interest, produced a pattern of activation which matched
the factually correct answer (Table 5.1).
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Table 5.1. Relative similarity data for Patient 1. The pattern of neural activity that
corresponds to the patient’s answer for each question appears in boldface. Dashed
lines indicate that no neural activity was observed in either ROI and the relative
similarity cannot be computed.

Motor Imagery
Localizer = yes
Spatial Imagery
Localizer = no

5.3.3.2

% Similarity to Localizers
Is your last name
Is your last name Are you in
Are you in the
<incorrect name>? <correct name>? the
supermarket?
hospital?
38.9
---43.13
52.72
61.1

----

47.28

56.87

GBS Patient 2

In Patient 2’s functional neuroimaging scan, seven autobiographical questions were asked
to evaluate self-identify,orientation in space, disorganized thinking, and the patient’s
clinical condition. The patient had significant neural activity to three of the seven
questions within the appropriate regions-of-interest. When asked, “do you feel safe?” the
patient responded “yes,” as activity observed matched activity found during the motory
imagery task. Specifically, a significant response was found in the supplementary motor
area (Figure 4.8). When asked “does one pound weigh more than two?” the patient
incorrectly answered “yes,” suggesting disorganized thinking (Figure 5.8). Similarly,
when asked “is your last name <incorrect name>,” the patient incorrectly answered
“yes,” suggesting problems with self-identity.
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Figure 5.8. Whole-brain results from Patient 2 for the motor imagery task (top
panel) and two communication scans (middle and lower panels). In the
communcation scans (middle and lower panel), the patient’s brain activity closely
resembles that of the activity found in the motor imagery task (top panel) indicating
a “yes” response to both questions. Results displayed at a peak voxelwise threshold
p <.001, uncorrected, followed by whole-brain FDR-corrected for significance using
cluster extent, p <.05 and displayed on the patient’s normalized T1 image.
Quantitative analysis of each ROI within each communication scan confirmed
that Patient 2 had robust statisitically significant responses to the three questions, similar
to the motor imagery task (Figure 5.9).
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Figure 5.9. Patient 2’s neural activity represented by T statistic graphs within the
regions of interest (supplementary motor area (SMA) and occipito-parietal junction
(OPJ)) for the mental imagery and communication tasks, **p < 0.005, ***p < 0.001.
Three other questions (“are you in pain?,” “are you in the hospital?” and “are you
in the supermarket?”) all yielded patterns of brain activity that indicated a “no” response
but these results were not statistically significant (Table 5.2). When the patient was asked
about his correct last name, “Is your last name <correct name>?” no activity in the peak
ROIs or elsewhere at the whole-brain level was found.
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Table 5.2. Relative similarity data for Patient 2. The pattern of neural activity that
corresponds to the patient’s answer for each question is boldface. Dashed lines
indicate that no neural activity was observed in either ROI and the relative
similarity cannot be computed.
% Similarity to Localizers
Are
you in
pain?

Do
you
feel
safe?

Does 1lb
weigh
more
than
2lbs?

Is your last
name
<incorrect
name>?

Is your last
name
<correct
name>?

Are you
in the
hospital
?

Are you
in the
superma
rket?

Motor
Imagery
Localizer
= yes

31.26

62.75

64.92

64.77

---

21.69

41.65

Spatial
Imagery
Localizer
= no

68.74

37.25

35.08

35.23

---

78.31

58.35

5.4

Discussion

In this study, we used fMRI as a tool to assess hierarchical language processing, detect
covert command following, and facilitate binary communication in two GBS patients
who had total paralysis, mimicking complete locked-in syndrome. In Patient 1, a
hierarchical auditory task established that the patient retained auditory processing,
indicating that the vestibulocochlear nerve retained a certain level of functioning. Intact
auditory processing was important to determine, as other cranial nerves showed
significant damage during neurological examination. Additionally, both patients were
able to perform the two mental imagery tasks which indicated that they could willfully
modulate their brain activity when instructed, similar to healthy control individuals. This
suggests that both patients retained awareness, and the ability to understand language and
follow instructions. Most importantly, because of their ability to successful perform the
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two mental imagery tasks, we were able to use this technique to facilitate communication
with both patients.
In Patient 1, we employed four questions that assessed self-identity and
orientation in space, which have been previously used to establish communication in nonresponsive patients (Fernández-Espejo & Owen, 2013; Monti et al., 2010). When the
patient was asked if his last name was an inaccurate last name, a significant neural
response was detected in OPJ, similar to the spatial navigation localizer, indicating that
he was responding “no.” In the correct name trial, we did not observe any activity in peak
mental imagery areas; however, we did note significant robust activation in the lateral
premotor area (BA 6), which is known to be involved in imagined hand movements,
suggesting that the patient was likely attempting to answer “yes” (Gerardin et al., 2000;
Guillot et al., 2008; Lotze & Halsband, 2006). We hypothesize that the motor imagery
response to this question was different than the initial motor imagery localizer (SMA)
because the patient might have used a different strategy to perform the imagery task as
the communication scans occurred a few days following the initial mental imagery tasks.
Additionally, just prior to the communication scan the patient was given 0.5 mg of
hydromorphone to potentially alleviate some discomfort while being imaged. While this
dosage had not affected communication responses previously in the patient when he had
been behaviorally responsive, a decrease in neural responses was observed for the
remaining questions. The administration of the analgesic may have altered the patient’s
ability to follow the task instructions and sustain the mental imagery over multiple blocks
thus decreasing our ability to detect a robust response. However, although the response
was non-significant, the pattern of activation matched the factually correct answer in all
questions.
The successful communication trial in Patient 1 prompted us to repeat the
communication trial in Patient 2 and to also include questions that were relevant to the
patient’s clinical condition and quality of life. In Patient 2, we found significant neural
responses to three questions; however, the patient incorrectly answered two of these
questions. When asked “does one pound weigh more than two?” the patient incorrectly
answered “yes”. This question was taken from the Confusion Assessment Method for the
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Intensive Care Unit (CAM-ICU) assessment for delirium (Ely et al., 2001). Incorrectly
answering this question suggests that the patient may have disorganized thinking.
Similarly, when asked “is your last name Johnson?” the patient incorrectly answered
“yes,” suggesting problems with self-identity. Taken together, this suggests that the
patient could have been experiencing mental status abnormalities. Such abnormal mental
statuses are known to occur in upwards of 31% of GBS cases (Cochen et al., 2005). We
also asked Patient 2 if he felt safe, a question that has no known factual response but
solely relies on the patient’s report. This question is often posed by psychiatrists to
understand if a patient is experiencing any paranoid delusions, which have also been
reported in GBS (Cochen et al., 2005). A significant neural response that matched the
motor imagery localizer was detected, indicating an affirmative response that the patient
indeed felt safe suggesting that he was not currently experiencing paranoia.

5.4.1

Implications for Clinical Management of GBS
Our study suggests that fMRI holds promise as a reliable communication tool

which may improve clinical care in complete locked-in patients within the ICU.
Communication through fMRI can allow patients to convey information about their
welfare that relates to their clinical condition and quality of life. Determining how a
patient is coping with their illness can help clinicians determine what interventions may
improve a patient’s welfare (Graham et al., 2015). Specifically, the use of fMRI for
communication could allow a patient to convey the presence and severity of pain which
then would allow for pharmacological interventions such as the administration of
gabapentin or carbamazepine (Pandey et al., 2005). Similarly, affirmative responses in
regard to symptoms of psychiatric complications can allow for medical treatment which
could include selective serotonin reuptake inhibitors for anxiety and depression
(Brousseau, Arciniegas, & Harris, 2005) or neuroleptic agents for delusions and
hallucinations (Harms, 2011).
FMRI communication paradigms could also be used as a screening tool for a
more objective assessment of symptoms instead of relying upon direct report from the
patient. For example, clinicians could assess the patient for the presence and extent of
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delirium using modified features from the CAM-ICU. A positive delirium screen could
inform clinicians about the most appropriate treatment. Additionally, fMRI could be used
to assess decision-making capacity which then could allow the patient to participate in
their own medical decision making. A modified version of the Mini-Mental State
Examination has been recently proposed to assess a patient’s decision-making capacity
during fMRI imaging (Peterson et al., 2013). Importantly, Peterson et al., (2013) noted
that once decision-making capacity has been established, a patient may only be able to be
involved in their own medical decision making in circumstances where potential benefits
outweigh or are equal to the harms relative to alternative treatments. In the acute clinical
context, these questions might be limited to the administration of analgesics. Importantly,
these simplistic binary responses may not be appropriate for high stakes situations such
as end-of-life decision-making (Fins & Schiff, 2010).

5.4.2

Limitations
Using fMRI, we could not detect a response to some questions that were posed to

the patients. In some communication trials no neural response was detected or the
response was not robust enough to reach statistical significance. It is not clear why the
patients were unable to convey an answer to every question, although this has also been
found in other behaviorally non-responsive patients (Fernández-Espejo & Owen, 2013;
Monti et al., 2010) and healthy volunteers (Gabriel et al., 2015). Possibly they did not
understand or recall the question that was asked at the beginning of the trial to an extent
that allowed them to form a response, or they may have lacked the ability or motivation
to sustain the response through the duration of the trial. Thus, future research should be
selective about which questions are asked of patients as fatigue is likely to be a limiting
factor. Others have suggested imaging should be kept to a maximum of 60 minutes in
duration (Fernández-Espejo & Owen, 2013; Weijer et al., 2015) which would allow for
10 questions. Additionally, while serial scanning may be useful for continuing to assess a
patient’s well-being, repetitive intra-hospital transport to MRI may result in an increased
risk of adverse events and so only the most important clinical questions should be
evaluated when the need arises (Weijer et al., 2015). Most importantly, negative fMRI
results should never be interpreted as evidence of an absence of preserved awareness as
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false negative fMRI findings are known to occur, even in healthy volunteers (Owen et al.,
2007; Owen & Coleman, 2007).

5.4.3

Future Directions
While the mental imagery tasks employed in this study are the best-established

fMRI techniques for communication with behaviorally non-responsive patients, future
studies that seek to communicate with such patients may benefit from employing
different approaches. For example, some selective attention tasks are better at detecting
responses in healthy volunteers while also reducing the required imaging time (Naci et
al., 2013). However, the high cost of fMRI and its lack of portability may limit its use in
severe GBS patients who require long term solutions for communication. Other
noninvasive functional neuroimaging techniques, such as EEG and functional nearinfrared spectroscopy (fNIRS), are more portable and less expensive solutions. EEG has
shown promise as a bedside communication tool in disorders of consciousness (Cruse et
al., 2011; Lulé et al., 2013) and typical locked-in syndrome (Bai et al., 2008; Felton,
Radwin, Wilson, & Williams, 2009; Kübler & Birbaumer, 2008; Mugler, Ruf, Halder,
Bensch, & Kübler, 2010; Sellers & Donchin, 2006), however, complete locked-in patients
have not been able to communicate via EEG (Kübler & Birbaumer, 2008). FNIRS is a
relatively new technology but holds promise as a portable and reliable communication
tool in complete locked-in syndrome (Abdalmalak et al., 2016; Chaudhary, Xia, Silvoni,
Cohen, & Birbaumer, 2017; Gallegos-Ayala et al., 2014).
Finding a reliable means of communication at the bedside that does not rely on a
behavioral response could improve the quality of life for many ICU patients beyond
severe GBS patients. These may include patients suffering from critical illness
polyneuropathy/myopathy, a syndrome characterized by severe muscle weakness, which
occurs in at least 25-50% of ICU patients (Green, 2005; Latronico & Bolton, 2011).
These types of brain-computer interfaces which circumvent physical disabilities in
patients can aid in proper clinical management and may prevent unnecessary medical
tests, thus conserving scarce resources. As a specific example, Patient 1 was taken for
multiple urgent CTs over the course of his time in the ICU to rule out a catastrophic
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intracerebral injury because behavioral communication at the bedside was lost
unexpectedly on multiple occasions. However, the CT images would prove to be negative
and his motor responses would always subsequently improve the following day or several
days later. The patient was likely experiencing fluctuating levels of muscle weakness and
not the loss of awareness. A brain-computer interface could identify this distinction and
urgent diagnostic imaging would not be required.
GBS may also provide unique insights into how patients perceive the use of BCIs.
With a relatively low mortality rate (3-13%) (van den Berg, Bunschoten, van Doorn, &
Jacobs, 2013), a large proportion of GBS patients eventually recover oral communication
which would allow for semi-structured interviews where patients could describe their
experience with a BCI and researchers could learn how improvements could be made.

5.5

Conclusion

In this study we demonstrate that it is feasible to use fMRI as a communication tool for
severe GBS patients. We suggest that functional neuroimaging can be used in the ICU
setting to ask patients about their clinical condition and quality of life. Specifically, in
regards to GBS patients, fMRI can allow the medical team to ask if pain is being
adequately managed and if patients are experiencing any distress. Responses to these
questions could then allow for treatment solutions. Additionally, neuroimaging could
assess delirium and decision-making capacity, and allow patients to be involved in their
own medical decisions.

186

5.6

References

Abdalmalak, A., Milej, D., Diop, M., Naci, L., Owen, A. M., & St. Lawrence, K. (2016).
Assessing the feasibility of time-resolved fNIRS to detect brain activity during
motor imagery. In S. J. Madsen, V. X. D. Yang, E. D. Jansen, Q. Luo, S. K.
Mohanty, & N. V. Thakor (Eds.), In Proc. SPIE (Vol. 9690, p. 969002).
http://doi.org/10.1117/12.2209587
Adapa, R. M., Davis, M. H., Stamatakis, E. a., Absalom, A. R., & Menon, D. K. (2014).
Neural correlates of successful semantic processing during propofol sedation.
Human Brain Mapping, 35(7), 2935–2949. http://doi.org/10.1002/hbm.22375
Andrews, K., Murphy, L., Munday, R., & Littlewood, C. (1996). Misdiagnosis of the
vegetative state: retrospective study in a rehabilitation unit. BMJ (Clinical Research
Ed.), 313(7048), 13–16. http://doi.org/10.1136/bmj.313.7048.13
Ardila, A., Concha, M., & Rosselli, M. (2000). Angular gyrus syndrome revisited:
Acalculia, finger agnosia, right-left disorientation and semantic aphasia.
Aphasiology, 14(7), 743–754.
Bai, O., Lin, P., Vorbach, S., Floeter, M. K., Hattori, N., & Hallett, M. (2008). A high
performance sensorimotor beta rhythm-based brain-computer interface associated
with human natural motor behavior. Journal of Neural Engineering, 5(1), 24–35.
http://doi.org/10.1088/1741-2560/5/1/003
Bardin, J. C., Fins, J. J., Katz, D. I., Hersh, J., Heier, L. A., Tabelow, K., … Voss, H. U.
(2011). Dissociations between behavioural and functional magnetic resonance
imaging-based evaluations of cognitive function after brain injury. Brain, 134(3),
769–782. http://doi.org/10.1093/brain/awr005
Bassetti, C., Vella, S., Donati, F., & Wielepp, P. (2000). SPECT during sleepwalking.
The Lancet, 356, 484–485.
Bastuji, H., Perrin, F., & Garcia-Larrea, L. (2002). Semantic analysis of auditory input
during sleep: studies with event related potentials. International Journal of
Psychophysiology, 46(3), 243–255. http://doi.org/10.1016/S0167-8760(02)00116-2
Bauer, G., Gerstenbrand, F., & Rumpl, E. (1979). Varieties of the Locked-in Syndrome.
J. Neurol, 221, 77–91. http://doi.org/10.1007/BF00313105
Bekinschtein, T. (2004). Emotion processing in the minimally conscious state. Journal of
Neurology, Neurosurgery & Psychiatry, 75(5), 788–788.
http://doi.org/10.1136/jnnp.2003.034876
Bekinschtein, T. A., Manes, F. F., Villarreal, M., Owen, A. M., & Della-Maggiore, V.
(2011). Functional Imaging Reveals Movement Preparatory Activity in the
Vegetative State. Frontiers in Human Neuroscience, 5(January), 1–11.
187

http://doi.org/10.3389/fnhum.2011.00005
Bekinschtein, T. a, Davis, M. H., Rodd, J. M., & Owen, A. M. (2011). Why clowns taste
funny: the relationship between humor and semantic ambiguity. The Journal of
Neuroscience : The Official Journal of the Society for Neuroscience, 31(26), 9665–
71. http://doi.org/10.1523/JNEUROSCI.5058-10.2011
Bekinschtein, T. a, Dehaene, S., Rohaut, B., Tadel, F., Cohen, L., & Naccache, L. (2009).
Neural signature of the conscious processing of auditory regularities. Proceedings of
the National Academy of Sciences of the United States of America, 106(5), 1672–7.
http://doi.org/10.1073/pnas.0809667106
Bernat, J. L. (2006). Chronic disorders of consciousness. Lancet, 367(9517), 1181–1192.
http://doi.org/10.1016/S0140-6736(06)68508-5
Binder, J. R., Frost, J. a, Hammeke, T. a, Bellgowan, P. S., Springer, J. a, Kaufman, J. N.,
& Possing, E. T. (2000). Human temporal lobe activation by speech and nonspeech
sounds. Cerebral Cortex, 10(5), 512–528. http://doi.org/10.1093/cercor/10.5.512
Binder, J. R., Swanson, S. J., Hammeke, T. a, & Sabsevitz, D. S. (2008). A comparison
of five fMRI protocols for mapping speech comprehension systems. Epilepsia,
49(12), 1980–97. http://doi.org/10.1111/j.1528-1167.2008.01683.x
Boly, M., Coleman, M. R., Davis, M. H., Hampshire, a, Bor, D., Moonen, G., … Owen,
a M. (2007). When thoughts become action: an fMRI paradigm to study volitional
brain activity in non-communicative brain injured patients. NeuroImage, 36(3), 979–
92. http://doi.org/10.1016/j.neuroimage.2007.02.047
Boly, M., Faymonville, M.-E., Peigneux, P., Lambermont, B., Damas, P., Del Fiore, G.,
… Laureys, S. (2004). Auditory Processing in Severely Brain Injured Patients.
Archives of Neurology, 61(2), 233. http://doi.org/10.1001/archneur.61.2.233
Boly, M., Faymonville, M.-E., Schnakers, C., Peigneux, P., Lambermont, B., Phillips, C.,
… Laureys, S. (2008). Perception of pain in the minimally conscious state with PET
activation: an observational study. The Lancet Neurology, 7(11), 1013–1020.
http://doi.org/10.1016/S1474-4422(08)70219-9
Bookheimer, S. (2002). FUNCTIONAL MRI OF LANGUAGE: New Approaches to
Understanding the Cortical Organization of Semantic Processing. Annu. Rev.
Neurosci, 25, 151–88. http://doi.org/10.1146/annurev.neuro.25.112701.142946
Booth, C. M., Boone, R. H., & Tomlinson, G. (2004). Is This Patient Dead , Vegetative ,
or Severely Neurologically Impaired ? Assessing Outcome for Comatose Survivors
of Cardiac Arrest CLINICAL SCENARIO. JAMA, 291(7), 870–879.
http://doi.org/10.1097/01.sa.0000158603.14916.a6
Brousseau, K., Arciniegas, D., & Harris, S. (2005). Pharmacologic management of
anxiety and affective lability during recovery from Guillain-Barré syndrome: some
188

preliminary observations. Neuropsychiatric Disease and Treatment, 1(2), 145–9.
Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2413194&tool=pmcentr
ez&rendertype=abstract
Burton, S. a, Harsh, J. R., & Badia, P. (1988). Cognitive activity in sleep and
responsiveness to external stimuli. Sleep, 11(1), 61–8. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/3363271
Chaudhary, U., Xia, B., Silvoni, S., Cohen, L. G., & Birbaumer, N. (2017). Brain–
Computer Interface–Based Communication in the Completely Locked-In State.
PLOS Biology, 15(1), e1002593. http://doi.org/10.1371/journal.pbio.1002593
Chennu, S., & Bekinschtein, T. A. (2012). Arousal modulates auditory attention and
awareness: Insights from sleep, sedation, and disorders of consciousness. Frontiers
in Psychology, 3(MAR), 1–9. http://doi.org/10.3389/fpsyg.2012.00065
Childs, N., Mercer, W., & Childs, H. (1993). Accuracy of diagnosis of persistent
vegetative state. Neurology, 43(8), 1465.
Cochen, V., Arnulf, I., Demeret, S., Neulat, M. L., Gourlet, V., Drouot, X., … Bolgert, F.
(2005). Vivid dreams, hallucinations, psychosis and REM sleep in Guillain-Barr??
syndrome. Brain, 128(11), 2535–2545. http://doi.org/10.1093/brain/awh585
Coleman, M. R., Davis, M. H., Rodd, J. M., Robson, T., Ali, A., Owen, a M., & Pickard,
J. D. (2009). Towards the routine use of brain imaging to aid the clinical diagnosis
of disorders of consciousness. Brain, 132(9), 2541–2552.
http://doi.org/10.1093/brain/awp183
Coleman, M. R., Rodd, J. M., Davis, M. H., Johnsrude, I. S., Menon, D. K., Pickard, J.
D., & Owen, A. M. (2007). Do vegetative patients retain aspects of language
comprehension? Evidence from fMRI. Brain, 130(10), 2494–2507.
http://doi.org/10.1093/brain/awm170
Corbett, F., Jefferies, E., Ehsan, S., & Ralph, M. a L. (2009). Different impairments of
semantic cognition in semantic dementia and semantic aphasia: Evidence from the
non-verbal domain. Brain, 132(9), 2593–2608. http://doi.org/10.1093/brain/awp146
Cote, K. A. (2002). Probing awareness during sleep with the auditory odd-ball paradigm.
International Journal of Psychophysiology, 46(3), 227–241.
http://doi.org/10.1016/S0167-8760(02)00114-9
Cruse, D., Chennu, S., Chatelle, C., Bekinschtein, T. a., Fernández-Espejo, D., Pickard, J.
D., … Owen, A. M. (2011). Bedside detection of awareness in the vegetative state:
A cohort study. The Lancet, 378(9809), 2088–2094. http://doi.org/10.1016/S01406736(11)61224-5
Cruse, D., Norton, L., Gofton, T., Young, G. B., & Owen, A. M. (2014). Positive
189

Prognostication from Median-Nerve Somatosensory Evoked Cortical Potentials.
Neurocritical Care, 21(2), 238–244. http://doi.org/10.1007/s12028-014-9982-y
Davis, M. H., Coleman, M. R., Absalom, A. R., Rodd, J. M., Johnsrude, I. S., Matta, B.
F., … Menon, D. K. (2007). Dissociating speech perception and comprehension at
reduced levels of awareness. Proceedings of the National Academy of Sciences of
the United States of America, 104(41), 16032–16037.
http://doi.org/10.1073/pnas.0701309104
Davis, M. H., Ford, M. a., Kherif, F., & Johnsrude, I. S. (2011). Does Semantic Context
Benefit Speech Understanding through “Top–Down” Processes? Evidence from
Time-resolved Sparse fMRI. Journal of Cognitive Neuroscience, 23(12), 3914–
3932. http://doi.org/10.1162/jocn_a_00084
Davis, M., & Johnsrude, I. (2003). Hierarchical processing in spoken language
comprehension. The Journal of Neuroscience, 23(8), 3423–3431. Retrieved from
http://www.jneurosci.org/content/23/8/3423.short
Di, H. B., Yu, S. M., Weng, X. C., Laureys, S., Yu, D., Li, J. Q., … Chen, Y. Z. (2007).
Cerebral response to patient’s own name in the vegetative and minimally conscious
states. Neurology, 68(12), 895–9.
http://doi.org/10.1212/01.wnl.0000258544.79024.d0
Di, H., Boly, M., Weng, X., Ledoux, D., & Laureys, S. (2008). Neuroimaging activation
studies in the vegetative state: Predictors of recovery? Clinical Medicine, Journal of
the Royal College of Physicians of London, 8(5), 502–507.
Ely, E. W., Margolin, R., Francis, J., May, L., Truman, B., Dittus, R., … Inouye, S. K.
(2001). Evaluation of delirium in critically ill patients: validation of the Confusion
Assessment Method for the Intensive Care Unit (CAM-ICU). Critical Care
Medicine, 29(7), 1370–1379. http://doi.org/10.1097/00003246-200107000-00012
Fadiga, L. (2007). Functional magnetic resonance imaging: Measuring versus estimating.
NeuroImage, 37(4), 1042–1044. http://doi.org/10.1016/j.neuroimage.2007.02.038
Fanara, B., Manzon, C., Barbot, O., Desmettre, T., & Capellier, G. (2010).
Recommendations for the intra-hospital transport of critically ill patients. Critical
Care (London, England), 14(3), R87. http://doi.org/10.1186/cc9018
Faugeras, F., Rohaut, B., Weiss, N., Bekinschtein, T. A., Galanaud, D., Puybasset, L., …
Naccache, L. (2011). Probing consciousness with event-related potentials in the
vegetative state. Neurology, 77(3), 264–268.
http://doi.org/10.1212/WNL.0b013e3182217ee8
Felton, E. A., Radwin, R. G., Wilson, J. A., & Williams, J. C. (2009). Evaluation of a
modified Fitts law brain–computer interface target acquisition task in able and motor
disabled individuals. Journal of Neural Engineering, 6(5), 56002.
http://doi.org/10.1088/1741-2560/6/5/056002
190

Fernández-Espejo, D., Junqué, C., Vendrell, P., Bernabeu, M., Roig, T., Bargalló, N., &
Mercader, J. M. (2008). Cerebral response to speech in vegetative and minimally
conscious states after traumatic brain injury. Brain Injury : [BI], 22(11), 882–890.
http://doi.org/10.1080/02699050802403573
Fernández-Espejo, D., Norton, L., & Owen, A. M. (2014). The clinical utility of fMRI for
identifying covert awareness in the vegetative state: a comparison of sensitivity
between 3T and 1.5T. PloS One, 9(4), e95082.
http://doi.org/10.1371/journal.pone.0095082
Fernández-Espejo, D., & Owen, A. M. (2013). Detecting awareness after severe brain
injury. Nature Reviews. Neuroscience, 14(11), 801–9.
http://doi.org/10.1038/nrn3608
Fins, B. Y. J. J., & Schiff, N. D. (2010). In the Blink of the Mind ’ s Eye. Hastings
Center Report, 49(3), 21–23. http://doi.org/https://doi.org/10.1353/hcr.0.0257
Fins, J. J., Illes, J., Bernat, J. L., Hirsch, J., Laureys, S., & Murphy, E. (2008).
Neuroimaging and disorders of consciousness: envisioning an ethical research
agenda. The American Journal of Bioethics : AJOB, 8(9), 3–12.
http://doi.org/10.1080/15265160802318113
Fisher, C. (1969). The neurological examination of the comatose patient. Acta Neurol
Scand, 45, 31–56.
Friedman, Y., Lee, L., Wherrett, J. R., Ashby, P., & Carpenter, S. (2003). Simulation of
brain death from fulminant de-efferentation. The Canadian Journal of Neurological
Sciences. Le Journal Canadien Des Sciences Neurologiques, 30(4), 397–404.
http://doi.org/10.1017/S0317167100003152
Fuster, J. M. (2000). Prefrontal neurons in networks of executive memory. Brain
Research Bulletin, 52(5), 331–336. http://doi.org/10.1016/S0361-9230(99)00258-0
Gabriel, D., Henriques, J., Comte, a., Grigoryeva, L., Ortega, J. P., Cretin, E., … Pazart,
L. (2015). Substitute or complement? Defining the relative place of EEG and fMRI
in the detection of voluntary brain reactions. Neuroscience, 290, 435–444.
http://doi.org/10.1016/j.neuroscience.2015.01.053
Gallegos-Ayala, G., Furdea, A., Takano, K., Ruf, C. A., Flor, H., & Birbaumer, N.
(2014). Brain communication in a completely locked-in patient using bedside nearinfrared spectroscopy. Neurology, 82(21), 1930–1932.
http://doi.org/10.1212/WNL.0000000000000449
Gerardin, E., Sirigu, A., Lehéricy, S., Poline, J. B., Gaymard, B., Marsault, C., … Le
Bihan, D. (2000). Partially overlapping neural networks for real and imagined hand
movements. Cerebral Cortex (New York, N.Y. : 1991), 10(11), 1093–1104.
http://doi.org/10.1093/cercor/10.11.1093
191

Giacino, J. T., Ashwal, S., Childs, N., Cranford, R., Jennett, B., Katz, D. I., … Zasler, N.
D. (2002). The minimally conscious state: definition and diagnostic criteria. In
Neurology (Vol. 58, pp. 349–353). http://doi.org/10.1212/WNL.59.9.1473
Giacino, J. T., Hirsch, J., Schiff, N., & Laureys, S. (2006). Functional Neuroimaging
Applications for Assessment and Rehabilitation Planning in Patients With Disorders
of Consciousness. Archives of Physical Medicine and Rehabilitation, 87(12
SUPPL.), 67–76. http://doi.org/10.1016/j.apmr.2006.07.272
Gibson, R. M., Chennu, S., Fern??ndez-Espejo, D., Naci, L., Owen, A. M., & Cruse, D.
(2016). Somatosensory attention identifies both overt and covert awareness in
disorders of consciousness. Annals of Neurology, 80(3), 412–423.
http://doi.org/10.1002/ana.24726
Gibson, R. M., FernÃ¡ndez-Espejo, D., Gonzalez-Lara, L. E., Kwan, B. Y., Lee, D. H.,
Owen, A. M., & Cruse, D. (2014). Multiple tasks and neuroimaging modalities
increase the likelihood of detecting covert awareness in patients with disorders of
consciousness. Frontiers in Human Neuroscience, 8(November), 1–9.
http://doi.org/10.3389/fnhum.2014.00950
Gofton, T. E., Chouinard, P. a, Young, G. B., Bihari, F., Nicolle, M. W., Lee, D. H., …
Mirsattari, S. M. (2009). Functional MRI study of the primary somatosensory cortex
in comatose survivors of cardiac arrest. Experimental Neurology, 217(2), 320–7.
http://doi.org/10.1016/j.expneurol.2009.03.011
Graham, M., Weijer, C., Cruse, D., Fernandez-Espejo, D., Gofton, T., Gonzalez-Lara, L.
E., … Owen, A. M. (2015). An ethics of welfare for patients diagnosed as vegetative
with covert awareness. AJOB Neuroscience, 6(2), 31–41.
http://doi.org/10.1080/21507740.2015.1014072
Green, D. M. (2005). Weakness in the ICU. The Neurologist, 11(6), 338–347.
http://doi.org/10.1097/01.nrl.0000163784.17602.57
Guillot, A., Collet, C., Nguyen, V. A., Malouin, F., Richards, C., & Doyon, J. (2008).
Functional neuroanatomical networks associated with expertise in motor imagery.
NeuroImage, 41(4), 1471–1483. http://doi.org/10.1016/j.neuroimage.2008.03.042
Harms, M. (2011). Inpatient Management of Guillain-Barré Syndrome. The
Neurohospitalist, 1(2), 78–84. http://doi.org/10.1177/1941875210396379
Henson, R. (2007). Efficient experimental design for fMRI. Statistical Parametric
Mapping: The Analysis of Functional Brain Images, 193–210.
http://doi.org/10.1016/B978-012372560-8/50015-2
Hickok, G., & Poeppel, D. (2007). The cortical organization of speech processing. Nature
Reviews. Neuroscience, 8(5), 393–402. http://doi.org/10.1038/nrn2113
Homae, F. (2002). From Perception to Sentence Comprehension: The Convergence of
192

Auditory and Visual Information of Language in the Left Inferior Frontal Cortex.
NeuroImage, 16(4), 883–900. http://doi.org/10.1006/nimg.2002.1138
Howard, R. S. (2014). Hypoxic–ischaemic brain injury following cardiac arrest.
Anaesthesia & Intensive Care Medicine, 15(4), 176–180.
http://doi.org/10.1016/j.mpaic.2014.01.014
Humphries, C., Binder, J. R., Medler, D. a, & Liebenthal, E. (2006). Syntactic and
semantic modulation of neural activity during auditory sentence comprehension.
Journal of Cognitive Neuroscience, 18(4), 665–79.
http://doi.org/10.1162/jocn.2006.18.4.665
Jennett, B. (2002). The Vegetative State.Medical Facts, Ethical and Legal Dilemmas.
Cambridge: Cambridge University Press.
Jennett, B., & Bond, M. (1975). Assessment of outcome after severe brain damage.
Lancet, 7905, 480–484.
Jennett, B., & Plum, F. (1972). Persistent vegetative state: a syndrome in search of a
name. Lancet, 1, 734–737.
Johnsrude, I. S., Davis, M. H., & Hervais-Adelman, A. (2005). From sound to meaning:
hierarchical processing in speech comprehension. Auditory Signal Processing:
Physiology, Psychoacoustics, and Models, (2003), 299–306. Retrieved from
Springer
Just, M. a, Carpenter, P. a, Keller, T. a, Eddy, W. F., & Thulborn, K. R. (1996). Brain
activation modulated by sentence comprehension. Science (New York, N.Y.),
274(5284), 114–6. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/8810246
Kamps, M. J. a, Horn, J., Oddo, M., Fugate, J. E., Storm, C., Cronberg, T., …
Hoedemaekers, C. W. E. (2013). Prognostication of neurologic outcome in cardiac
arrest patients after mild therapeutic hypothermia: a meta-analysis of the current
literature. Intensive Care Medicine, 39(10), 1671–82. http://doi.org/10.1007/s00134013-3004-y
Keuleers, E., & Brysbaert, M. (2010). Wuggy: A multilingual pseudoword generator.
Behavior Research Methods, 42(3), 627–633. http://doi.org/10.3758/BRM.42.3.627
Koenig, M. A., Holt, J. L., Ernst, T., Buchthal, S. D., Nakagawa, K., Stenger, V. A., &
Chang, L. (2014). MRI default mode network connectivity is associated with
functional outcome after cardiopulmonary arrest. Neurocritical Care, 20(3), 348–
357. http://doi.org/10.1007/s12028-014-9953-3
Kübler, A., & Birbaumer, N. (2008). Brain-computer interfaces and communication in
paralysis: Extinction of goal directed thinking in completely paralysed patients?
Clinical Neurophysiology, 119(11), 2658–2666.
http://doi.org/10.1016/j.clinph.2008.06.019
193

Latronico, N., & Bolton, C. F. (2011). Critical illness polyneuropathy and myopathy: A
major cause of muscle weakness and paralysis. The Lancet Neurology, 10(10), 931–
941. http://doi.org/10.1016/S1474-4422(11)70178-8
Laureys, S., Faymonville, M. E., Degueldre, C., Fiore, G. D., Damas, P., Lambermont,
B., … Maquet, P. (2000). Auditory processing in the vegetative state. Brain : A
Journal of Neurology, 123 ( Pt 8, 1589–1601.
http://doi.org/10.1093/brain/123.8.1589
Laureys, S., Faymonville, M. E., Peigneux, P., Damas, P., Lambermont, B., Del Fiore,
G., … Maquet, P. (2002). Cortical Processing of Noxious Somatosensory Stimuli in
the Persistent Vegetative State. NeuroImage, 17(2), 732–741.
http://doi.org/10.1006/nimg.2002.1236
Laureys, S., Owen, A. M., & Schiff, N. D. (2004). Brain function in coma, vegetative
state, and related disorders. Lancet Neurology, 3(9), 537–546.
http://doi.org/10.1016/S1474-4422(04)00852-X
Laureys, S., & Schiff, N. D. (2012). Coma and consciousness: paradigms (re)framed by
neuroimaging. NeuroImage, 61(2), 478–91.
http://doi.org/10.1016/j.neuroimage.2011.12.041
Li, L., Kang, X.-G., Qi, S., Xu, X.-X., Xiong, L.-Z., Zhao, G., … Jiang, W. (2014). Brain
response to thermal stimulation predicts outcome of patients with chronic disorders
of consciousness. Clinical Neurophysiology : Official Journal of the International
Federation of Clinical Neurophysiology. http://doi.org/10.1016/j.clinph.2014.10.148
Liversedge, T., & Hirsch, N. (2010). Coma. Anaesthesia & Intensive Care Medicine,
11(9), 337–339. http://doi.org/10.1016/j.mpaic.2010.05.008
Lotze, M., & Halsband, U. (2006). Motor imagery. Journal of Physiology Paris, 99(4–6),
386–395. http://doi.org/10.1016/j.jphysparis.2006.03.012
Louise-Bender Pape, T., Rosenow, J., Lewis, G., Ahmed, G., Walker, M., Guernon, A.,
… Patil, V. (2009). Repetitive transcranial magnetic stimulation-associated
neurobehavioral gains during coma recovery. Brain Stimulation, 2(1), 22–35.
http://doi.org/10.1016/j.brs.2008.09.004
Lulé, D., Noirhomme, Q., Kleih, S. C., Chatelle, C., Halder, S., Demertzi, A., … Laureys,
S. (2013). Probing command following in patients with disorders of consciousness
using a brain-computer interface. Clinical Neurophysiology, 124(1), 101–106.
http://doi.org/10.1016/j.clinph.2012.04.030
Manganotti, P., Formaggio, E., Storti, S. F., Fiaschi, A., Battistin, L., Tonin, P., …
Cavinato, M. (2013). Effect of high-frequency repetitive transcranial magnetic
stimulation on brain excitability in severely brain-injured patients in minimally
conscious or vegetative state. Brain Stimulation, 6(6), 913–921.
http://doi.org/10.1016/j.brs.2013.06.006
194

Mark, N. M., Rayner, S. G., Lee, N. J., & Curtis, J. R. (2015). Global variability in
withholding and withdrawal of life-sustaining treatment in the intensive care unit: a
systematic review. Intensive Care Medicine, 41(9), 1572–1585.
http://doi.org/10.1007/s00134-015-3810-5
Masson, F., Thicoipe, M., Aye, P., Mokni, T., Senjean, P., Schmitt, V., … Labadens, P.
(2001). Epidemiology of severe brain injuries: a prospective population-based study.
The Journal of Trauma, 51(3), 481–9. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11535895
Maulden, S. A., Gassaway, J., Horn, S. D., Smout, R. J., & DeJong, G. (2005). Timing of
initiation of rehabilitation after stroke. Archives of Physical Medicine and
Rehabilitation, 86(12 SUPPL.), 34–40. http://doi.org/10.1016/j.apmr.2005.08.119
Menon, D., Owen, A., Williams, E., Minhas, P., Allen, C., Boniface, S., & Pickard, J.
(1998). Cortical processing in persistent vegetative state. The Lancet, 352, 200.
http://doi.org/10.1016/S0140-6736(05)77805-3
Monti, M. M., Coleman, M. R., & Owen, A. M. (2009). Executive functions in the
absence of behavior: functional imaging of the minimally conscious state. Progress
in Brain Research (Vol. 177). Elsevier. http://doi.org/10.1016/S00796123(09)17717-8
Monti, M. M., Schnakers, C., Korb, A., Bystritsky, A., & Vespa, P. (2016). Non-invasive
ultrasonic thalamic stimulation in disorders of consciousness after severe brain
injury: a first-in-man report. Brain Stimulation, 9(6), 940–941.
Monti, M. M., Vanhaudenhuyse, A., Coleman, M. R., Boly, M., Pickard, J. D.,
Tshibanda, L., … Laureys, S. (2010). Willful modulation of brain activity in
disorders of consciousness. The New England journal of medicine (Vol. 362).
Moore, S. A., & Wijdicks, E. F. (2013). The Acutely Comatose Patient: Clinical
Approach and Diagnosis. Seminars in Neurology, 33, 110–120.
http://doi.org/10.1055/s-0033-1348963
Moritz, C. H., Rowley, H. a, Haughton, V. M., Swartz, K. R., Jones, J., & Badie, B.
(2001). Functional MR imaging assessment of a non-responsive brain injured
patient. Magnetic Resonance Imaging, 19(8), 1129–32. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11711238
Moulin, D. E., Hagen, N., Feasby, T. E., Amireh, R., & Hahn, A. (1997). Pain in
Guillain-Barre syndrome. Neurology, 48(2), 328.
Mugler, E. M., Ruf, C. A., Halder, S., Bensch, M., & Kübler, A. (2010). Design and
implementation of a P300-based brain-computer interface for controlling an internet
browser. IEEE Transactions on Neural Systems and Rehabilitation Engineering,
18(6), 599–609. http://doi.org/10.1109/TNSRE.2010.2068059
195

Naci, L., Cusack, R., Anello, M., & Owen, a. M. (2014). A common neural code for
similar conscious experiences in different individuals. Proceedings of the National
Academy of Sciences, 111(39). http://doi.org/10.1073/pnas.1407007111
Naci, L., Cusack, R., Jia, V. Z., & Owen, a. M. (2013). The Brain’s Silent Messenger:
Using Selective Attention to Decode Human Thought for Brain-Based
Communication. Journal of Neuroscience, 33(22), 9385–9393.
http://doi.org/10.1523/JNEUROSCI.5577-12.2013
Naci, L., Monti, M. M., Cruse, D., Kübler, A., Sorger, B., Goebel, R., … Owen, A. M.
(2012). Brain-computer interfaces for communication with nonresponsive patients.
Annals of Neurology, 72(3), 312–323. http://doi.org/10.1002/ana.23656
Naci, L., & Owen, A. M. (2013). Making every word count for nonresponsive patients.
JAMA Neurology, 70(10), 1235–41. http://doi.org/10.1001/jamaneurol.2013.3686
Narayanan, N. S., & Laubach, M. (2006). Top-Down Control of Motor Cortex Ensembles
by Dorsomedial Prefrontal Cortex. Neuron, 52(5), 921–931.
http://doi.org/10.1016/j.neuron.2006.10.021
Norton, L., Hutchison, R. M., Young, G. B., Lee, D. H., Sharpe, M. D., & Mirsattari, S.
M. (2012). Disruptions of functional connectivity in the default mode network of
comatose patients. Neurology, 78(3), 175–81.
http://doi.org/10.1212/WNL.0b013e31823fcd61
Owen, A. M. (2008). Disorders of consciousness. Annals of the New York Academy of
Sciences, 1124, 225–238. http://doi.org/10.1196/annals.1440.013
Owen, A. M., & Coleman, M. R. (2007). Functional MRI in disorders of consciousness:
advantages and limitations. Current Opinion in Neurology, 20(6), 632–637.
http://doi.org/10.1097/WCO.0b013e3282f15669
Owen, A. M., & Coleman, M. R. (2008). Functional neuroimaging of the vegetative state.
Nature Reviews Neuroscience, 9(3), 235–243. http://doi.org/10.1038/nrn2330
Owen, A. M., Coleman, M. R., Boly, M., Davis, M. H., Laureys, S., & Pickard, J. D.
(2006). Detecting Awareness in the Vegetative State. Science, 313(5792), 1402–
1402. http://doi.org/10.1126/science.1130197
Owen, A. M., Coleman, M. R., Boly, M., Davis, M. H., Laureys, S., & Pickard, J. D.
(2007). Using functional magnetic resonance imaging to detect covert awareness in
the vegetative state. Archives of Neurology, 64(8), 1098–1102.
http://doi.org/10.1001/archneur.64.8.1098
Owen, A. M., Coleman, M. R., Menon, D. K., Berry, E. L., Johnsrude, I. S., Rodd, J. M.,
… Pickard, J. D. (2005). Using a heirarchical approach to investigate residual
auditory congition n persistent vegetative state. Progress in Brain Research,
150(457–471). http://doi.org/ïðòïðïêñÍððéçóêïîíøðë÷ëððíîóí
196

Owen, A. M., Coleman, M. R., Menon, D. K., Johnsrude, I. S., Rodd, J. M., Davis, M.
H., … Pickard, J. D. (2005). Residual auditory function in persistent vegetative
state: a combined PET and fMRI study. Neuropsychological Rehabilitation, 15(3–
4), 290–306. http://doi.org/10.1080/09602010443000579
Owen, A. M., Menon, D. K., Johnsrude, I. S., Bor, D., Scott, S. K., Manly, T., …
Pickard, J. D. (2002). Detecting residual cognitive function in persistent vegetative
state. Neurocase, 8(5), 394–403. http://doi.org/10.1093/neucas/8.5.394
Owen, A. M., Owen, A. M., Coleman, M. R., Coleman, M. R., Boly, M., Boly, M., …
Pickard, J. D. (2006). BREVIA Detecting Awareness in the Vegetative State.
Online, 313(September), 2006–2006. http://doi.org/10.1126/science.1130197
Pandey, C. K., Raza, M., Tripathi, M., Navkar, D. V., Kumar, A., & Singh, U. K. (2005).
The comparative evaluation of gabapentin and carbamazepine for pain management
in Guillain-Barr?? syndrome patients in the intensive care unit. Anesthesia and
Analgesia, 101(1), 220–225. http://doi.org/10.1213/01.ANE.0000152186.89020.36
Peelle, J. E., Eason, R. J., Schmitter, S., Schwarzbauer, C., & Davis, M. H. (2010).
Evaluating an acoustically quiet EPI sequence for use in fMRI studies of speech and
auditory processing. NeuroImage, 52(4), 1410–1419.
http://doi.org/10.1016/j.neuroimage.2010.05.015
Peelle, J. E., Troiani, V., Wingfield, A., & Grossman, M. (2010). Neural processing
during older adults’ comprehension of spoken sentences: age differences in resource
allocation and connectivity. Cerebral Cortex (New York, N.Y. : 1991), 20(4), 773–
82. http://doi.org/10.1093/cercor/bhp142
Peterson, A., Cruse, D., Naci, L., Weijer, C., & Owen, A. M. (2015). Risk, diagnostic
error, and the clinical science of consciousness. NeuroImage: Clinical, 7, 588–597.
http://doi.org/10.1016/j.nicl.2015.02.008
Peterson, A., Naci, L., Weijer, C., Cruse, D., Fernández-Espejo, D., Graham, M., &
Owen, A. M. (2013). Assessing decision-making capacity in the behaviorally
nonresponsive patient with residual covert awareness. AJOB Neuroscience, 4(4), 3–
14. http://doi.org/10.1080/21507740.2013.821189
Piccione, F., Cavinato, M., Manganotti, P., Formaggio, E., Storti, S. F., Battistin, L., …
Dam, M. (2011). Behavioral and Neurophysiological Effects of Repetitive
Transcranial Magnetic Stimulation on the Minimally Conscious State.
Neurorehabilitation and Neural Repair, 25(1), 98–102.
http://doi.org/10.1177/1545968310369802
Posner, J., Saper, C., Schiff, N., & Plum, F. (2007). Diagnosis of Stupor and Coma (4th
Editio). New York, NY: Oxford University Press.
Price, C. J. (2012). A review and synthesis of the first 20years of PET and fMRI studies
of heard speech, spoken language and reading. NeuroImage, 62(2), 816–847.
197

http://doi.org/10.1016/j.neuroimage.2012.04.062
Report of the Quality Standards Subcommittee of the American Academy of Neurology.
(1995). Practice parameters: Assessment and management of patients in the
persistent vegetative state (Summary statement). Neurology, 45(5), 1015–1018.
http://doi.org/10.1212/WNL.45.5.1015
Reynolds, H. N., Habashi, N. M., Cottingham, C. a, Frawley, P. M., & Mccunn, M.
(2002). Interhospital transport of the adult mechanically ventilated patient.pdf.
Respir Care Clin, 8, 1–35. http://doi.org/1078-5337/02
Richardson, J., & Richardson, J. T. . (2002). Clinical and Neuropsychological Aspects of
Closed Head Injury (Brain, Behaviour and Cognition) (2nd Editio). Psychology
Press.
Rodd, J. M., Davis, M. H., & Johnsrude, I. S. (2005). The neural mechanisms of speech
comprehension: fMRI studies of semantic ambiguity. Cerebral Cortex (New York,
N.Y. : 1991), 15(8), 1261–9. http://doi.org/10.1093/cercor/bhi009
Rossetti, A. O., Tzovara, A., Murray, M. M., De Lucia, M., & Oddo, M. (2014).
Automated Auditory Mismatch Negativity Paradigm Improves Coma Prognostic
Accuracy After Cardiac Arrest and Therapeutic Hypothermia. Journal of Clinical
Neurophysiology, 31(4), 356–361. http://doi.org/10.1097/WNP.0000000000000082
Sandroni, C., Cavallaro, F., Callaway, C. W., D’Arrigo, S., Sanna, T., Kuiper, M. a., …
Nolan, J. P. (2013). Predictors of poor neurological outcome in adult comatose
survivors of cardiac arrest: A systematic review and meta-analysis. Part 2: Patients
treated with therapeutic hypothermia. Resuscitation, 84(10), 1324–1338.
http://doi.org/10.1016/j.resuscitation.2013.06.020
Savard, M., Al Thenayan, E., Norton, L., Sharpe, M. D., & Young, B. Continuous EEG
monitoring in severe Guillain-Barré syndrome patients., 26Journal of Clinical
Neurophysiology 21–23 (2009). Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/19151618
Schiff, N. D., Giacino, J. T., Kalmar, K., Victor, J. D., Baker, K., Gerber, M., … Rezai,
A. R. (2007). Behavioural improvements with thalamic stimulation after severe
traumatic brain injury. Nature, 448(7153), 600–603.
http://doi.org/10.1038/nature06041
Schiff, N. D., Ribary, U., Moreno, D. R., Beattie, B., Kronberg, E., Blasberg, R., …
Plum, F. (2002). Residual cerebral activity and behavioural fragments can remain in
the persistently vegetative brain. Brain, 125(Pt 6), 1210–1234.
http://doi.org/10.1093/brain/awf131
Schnakers, C., Vanhaudenhuyse, A., Giacino, J., Ventura, M., Boly, M., Majerus, S., …
Laureys, S. (2009). Diagnostic accuracy of the vegetative and minimally conscious
state: clinical consensus versus standardized neurobehavioral assessment. BMC
198

Neurology, 9, 35. http://doi.org/10.1186/1471-2377-9-35
Schroeder, M. R. (1968). Reference Signal for Signal Quality Studies. J. Acoust. Soc.
Am., 44, 1735.
Scott, S. K., & Wise, R. J. S. (2004). The functional neuroanatomy of prelexical
processing in speech perception. Cognition, 92(1–2), 13–45.
http://doi.org/10.1016/j.cognition.2002.12.002
Seghier, M. (2012). The Angular Gyrus: Multiple Functions and Multiple Subdivisions.
The Neuroscientist, 19(1), 43–61. http://doi.org/10.1177/1073858412440596
Sellers, E. W., & Donchin, E. (2006). A P300-based brain-computer interface: Initial
tests by ALS patients. Clinical Neurophysiology, 117(3), 538–548.
http://doi.org/10.1016/j.clinph.2005.06.027
Sharshar, T., Polito, A., Porcher, R., Merhbene, T., Blanc, M., Antona, M., … Marcadet,
M.-H. (2012). Relevance of anxiety in clinical practice of Guillain-Barre syndrome:
a cohort study. BMJ Open, 2(4), e000893-. http://doi.org/10.1136/bmjopen-2012000893
Smith, E., & Delargy, M. (2005). Locked-in syndrome. British Medical Journal,
330(February), 3–6. http://doi.org/10.1136/bmj.g7348
Sorger, B., Dahmen, B., Reithler, J., Gosseries, O., Maudoux, A., Laureys, S., & Goebel,
R. (2009). Another kind of “BOLD Response”: answering multiple-choice questions
via online decoded single-trial brain signals. Progress in Brain Research (Vol.
177). Elsevier. http://doi.org/10.1016/S0079-6123(09)17719-1
Sorger, B., Reithler, J., Dahmen, B., & Goebel, R. (2012). A real-time fMRI-based
spelling device immediately enabling robust motor-independent communication.
Current Biology, 22(14), 1333–1338. http://doi.org/10.1016/j.cub.2012.05.022
Staffen, W., Kronbichler, M., Aichhorn, M., Mair, A., & Ladurner, G. (2006). Selective
brain activity in response to one’s own name in the persistent vegetative state.
Journal of Neurology, Neurosurgery, and Psychiatry, 77(12), 1383–4.
http://doi.org/10.1136/jnnp.2006.095166
Stevens, R. D., & Sutter, R. (2013). Prognosis in Severe Brain Injury. Critical Care
Medicine, 41(4), 1104–1123. http://doi.org/10.1097/CCM.0b013e318287ee79
Stiell, I. G., Nichol, G., Leroux, B. G., Rea, T. D., Ornato, J. P., Powell, J., … Weisfeldt,
M. (2011). Early versus later rhythm analysis in patients with out-of-hospital cardiac
arrest. The New England Journal of Medicine, 365(9), 787–797.
http://doi.org/10.1056/NEJMoa1010076
Stoppelman, N., Harpaz, T., & Ben-Shachar, M. (2013). Do not throw out the baby with
the bath water: Choosing an effective baseline for a functional localizer of speech
199

processing. Brain and Behavior, 3(3), 211–222. http://doi.org/10.1002/brb3.129
Stumbrys, T., Erlacher, D., Schädlich, M., & Schredl, M. (2012). Induction of lucid
dreams: A systematic review of evidence. Consciousness and Cognition, 21(3),
1456–1475. http://doi.org/10.1016/j.concog.2012.07.003
Szaflarski, J. P., Gloss, D., Binder, J. R., Gaillard, W. D., Golby, A. J., Holland, S. K., …
Theodore, W. H. (2017). Practice guideline summary: Use of fMRI in the
presurgical evaluation of patients with epilepsy.
http://doi.org/10.1212/WNL.0000000000003532
Teasdale, G., & Jennett, B. (1974). Assessment of coma and imparied consciousness: a
practical scale. Lancet, 2, 81–84.
Teasdale, G., Maas, A., Lecky, F., Manley, G., Stocchetti, N., & Murray, G. (2014). The
Glasgow Coma Scale at 40 years: Standing the test of time. The Lancet Neurology,
13(8), 844–854. http://doi.org/10.1016/S1474-4422(14)70120-6
The Multi-Society Task Force on PVS. (1994). Medical aspects of the persistent
vegetative state (1). The New England Journal of Medicine, 330(21), 1499–1508.
http://doi.org/10.1056/NEJM199405263302107
Thibaut, A., Bruno, M.-A., Ledoux, D., Demertzi, A., & Laureys, S. (2014). tDCS in
patients with disorders of consciousness. Neurology, 82, 1112–1118.
http://doi.org/DOI: 10.4415/ANN_14_03_03 [doi]
Thibaut, A., & Laureys, S. (2015). Brain stimulation in patients with disorders of
consciousness. Principles and Practice of Clinical Research, 1(3), 65–72.
Turgeon, A. F., Lauzier, F., Burns, K. E. a, Meade, M. O., Scales, D. C., Zarychanski, R.,
… Fergusson, D. a. (2013). Determination of neurologic prognosis and clinical
decision making in adult patients with severe traumatic brain injury: a survey of
Canadian intensivists, neurosurgeons, and neurologists. Critical Care Medicine,
41(4), 1086–93. http://doi.org/10.1097/CCM.0b013e318275d046
Turgeon, A. F., Lauzier, F., Simard, J.-F., Scales, D. C., Burns, K. E. A., Moore, L., …
Fergusson, D. A. (2011). Mortality associated with withdrawal of life-sustaining
therapy for patients with severe traumatic brain injury: a Canadian multicentre
cohort study. Canadian Medical Association Journal, 183(14), 1581–1588.
http://doi.org/10.1503/cmaj.101786
Tzovara, A., Rossetti, A. O., Juan, E., Suys, T., Viceic, D., Rusca, M., … Lucia, M. De.
(2016). Prediction of awakening from hypothermic postanoxic coma based on
auditory discrimination. Annals of Neurology, 79(5), 748–757.
http://doi.org/10.1002/ana.24622
Tzovara, A., Rossetti, A. O., Spierer, L., Grivel, J., Murray, M. M., Oddo, M., & De
Lucia, M. (2013). Progression of auditory discrimination based on neural decoding
200

predicts awakening from coma. Brain, 136(1), 81–89.
http://doi.org/10.1093/brain/aws264
Tzovara, A., Simonin, A., Oddo, M., Rossetti, A. O., & De Lucia, M. (2015). Neural
detection of complex sound sequences in the absence of consciousness. Brain,
138(5), 1160–1166. http://doi.org/10.1093/brain/awv041
Uppenkamp, S., Johnsrude, I. S., Norris, D., Marslen-Wilson, W., & Patterson, R. D.
(2006). Locating the initial stages of speech-sound processing in human temporal
cortex. NeuroImage, 31(3), 1284–1296.
http://doi.org/10.1016/j.neuroimage.2006.01.004
van den Berg, B., Bunschoten, C., van Doorn, P. a, & Jacobs, B. C. (2013). Mortality in
Guillain-Barre syndrome. Neurology, 80(18), 1650–4.
http://doi.org/10.1212/WNL.0b013e3182904fcc
Wallen, E., Venkataraman, S. T., Grosso, M. J., Kiene, K., & Orr, R. A. (1995).
Intrahospital transport of critically ill pediatric patients. Critical Care Medicine,
23(9), 1588–1595.
Weijer, C., Bruni, T., Gofton, T., Young, G. B., Norton, L., Peterson, A., & Owen, A. M.
(2015a). Ethical considerations in functional magnetic resonance imaging research
in acutely comatose patients. Brain, (May 2016), 1–8.
http://doi.org/10.1093/brain/awv272
Weijer, C., Bruni, T., Gofton, T., Young, G. B., Norton, L., Peterson, A., & Owen, A. M.
(2015b). Ethical considerations in functional magnetic resonance imaging research
in acutely comatose patients. Brain, (2015), 1–8.
http://doi.org/10.1093/brain/awv272
Wijdicks, E. F. M. (2008). The Comatose Patient. New York, NY: Oxford University
Press.
Wijdicks, E. F. M., Bamlet, W. R., Maramattom, B. V., Manno, E. M., & McClelland, R.
L. (2005). Validation of a new coma scale: The FOUR score. Annals of Neurology,
58(4), 585–593. http://doi.org/10.1002/ana.20611
Wijdicks, E. F. M., Varelas, P. N., Gronseth, G. S., & Greer, D. M. (2010). Evidencebased guideline update: determining brain death in adults: report of the Quality
Standards Subcommittee of the American Academy of Neurology. Neurology,
74(23), 1911–8. http://doi.org/10.1212/WNL.0b013e3181e242a8
Wilke, M., & Lidzba, K. (2007). LI-tool: a new toolbox to assess lateralization in
functional MR-data. Journal of Neuroscience Methods, 163(1), 128–36.
http://doi.org/10.1016/j.jneumeth.2007.01.026
Wilkinson, D. (2009). The self-fulfilling prophecy in intensive care. Theoretical
Medicine and Bioethics, 30(6), 401–410. http://doi.org/10.1007/s11017-009-9120-6
201

Wilkinson, D. (2011). The Window of Opportunity for Treatment Withdrawal. Archives
of Pediatrics & Adolescent Medicine, 165(3), 211–215.
http://doi.org/10.1001/archpediatrics.2011.4
Willison, H. J., Jacobs, B. C., & van Doorn, P. A. (2016). Guillain-Barré syndrome. The
Lancet, 388(10045), 717–727. http://doi.org/10.1016/S0140-6736(16)00339-1
Yarkoni, T., Poldrack, R., & Nichols, T. (2011). Large-scale automated synthesis of
human functional neuroimaging data. Nature Methods, 8(8), 665–670.
http://doi.org/10.1038/nmeth.1635.Large-scale
Young, G. (2009). Neurologic prognosis after cardiac arrest. New England Journal of
Medicine, 361(6), 605–611. Retrieved from
http://www.nejm.org/doi/full/10.1056/NEJMcp0903466
Young, G. B. (2009). Coma. Annals of the New York Academy of Sciences, 1157(1), 32–
47. http://doi.org/10.1111/j.1749-6632.2009.04471.x
Young, G. B., & Owen, A. M. (2014). The holy grail of predicting recovery after acute
brain insults: A step closer. Clinical Neurophysiology : Official Journal of the
International Federation of Clinical Neurophysiology.
http://doi.org/10.1016/j.clinph.2014.10.149
Young, G. B., Ropper, A., & Bolten, C. (1998). Coma and impaired consciousness.
McGaw-Hill.
Yu, T., Lang, S., Vogel, D., Markl, A., Müller, F., & Kotchoubey, B. (2013). Patients
with unresponsive wakefulness syndrome respond to the pain cries of other people.
Neurology, 80(4), 345–52. http://doi.org/10.1212/WNL.0b013e31827f0846
Yuki, N., & Hartung, H.-P. (2012). Guillain-Barré syndrome. The New England Journal
of Medicine, 366(24), 2294–2304. http://doi.org/10.1056/NEJMra1114525
Zanatta, P., Messerotti Benvenuti, S., Baldanzi, F., Bendini, M., Saccavini, M., Tamari,
W., … Bosco, E. (2012). Pain-related somatosensory evoked potentials and
functional brain magnetic resonance in the evaluation of neurologic recovery after
cardiac arrest: a case study of three patients. Scandinavian Journal of Trauma,
Resuscitation and Emergency Medicine, 20(1), 22. http://doi.org/10.1186/17577241-20-22
Zhu, X. L., Poon, W. S., Chan, C. C. H., & Chan, S. S. H. (2007). Does intensive
rehabilitation improve the functional outcome of patients with traumatic brain injury
(TBI)? A randomized controlled trial. Brain Injury, 21(7), 681–690.
http://doi.org/10.1080/02699050701468941

202

Chapter 6

6

6.1

General Discussion

Key Findings

While a considerable amount of functional neuroimaging research has shed light on the
cerebral function of patients in chronic disorders of consciousness, little is known about
the utility of these methods in the acute stage of coma. The research presented in this
thesis sought to determine if it was feasible to carry out fMRI investigations in critically
ill patients and to establish whether such research possesses any diagnostic or prognostic
value. To accomplish this, a hierarchically designed approach was used to interrogate
residual cognitive function in the auditory domain (Figure 6.1). Similar to hierarchically
conducted studies in VS patients (Coleman et al., 2009; Coleman et al., 2007; Owen et
al., 2005, 2006; Owen et al., 2005), this research assessed auditory processing starting
with the simplest forms of perception and proceeded successively to more complex
cognitive functions. This systematic approach allowed for the assessment of sound
perception, speech perception, language comprehension, command following, and
ultimately, communication. Importantly, this framework is able to characterize the extent
of preserved cognition and delineate where the breakdown in cognitive processing occurs
in severely brain injured individuals. It is unclear where awareness emerges along this
hierarchical structure, although research in anesthesia suggests that higher level semantic
processes that support language comprehension do not occur in the absence of awareness
(Adapa et al., 2014; Davis et al., 2007). This evidence indicates that awareness must
precede language comprehension along this continuum.
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Figure 6.1. Hierarchical approach for the use of fMRI to interrogate residual
cognitive function in the auditory domain.
In Chapter 2, we developed and assessed the reliability of three versions of a
hierarchically-designed auditory task to detect sound perception, speech perception, and
language comprehension in individual healthy participants, in order to determine whether
this same procedure could be used in comatose patients. In control volunteers, reliable
single-subject activations were found for both sound and speech perception contrasts, but
not for language comprehension, using a clinical 1.5 T scanner. These findings indicated
that a hierarchical auditory task could be used to identify whether a critically ill patient
has intact sound and speech perception using a lower-field strength scanner in a hospital
setting. Subsequently, the task was applied in two acutely comatose patients. Evidence
was found for sound perception, speech perception, and language comprehension in one
comatose subject who, subsequently, had full functional recovery. On the other hand, a
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minimal response to only the lowest-level sound perception contrast was observed in the
individual who succumbed to their injury.
The preliminary findings in Chapter 2 demonstrated that it was feasible to
interrogate cognitive function in coma and prompted the experiment in Chapter 3, which
examined the relationship between auditory processing and outcome in a larger cohort of
patients. Chapter 3 established that a large proportion of comatose individuals retained
perceptual auditory abilities while a minority of subjects also had preserved higher-order
language comprehension. Notably, the extent of auditory processing in coma was
associated with an individual’s level of functional recovery. These findings suggest that
functional neuroimaging techniques that interrogate brain function in a hierarchical
manner can provide additional prognostic information in coma. Reliable and objective
indicators of positive recovery following coma are urgently required as current clinical
tools are only able to determine when patients will have a poor outcome. When indicators
of poor outcome are absent, clinicians are unable to accurately predict the course of
recovery from coma and are required to rely on their subjective judgement and
experience when making estimations of the likelihood of expected recovery. In the ICU,
these estimations are often used in making decisions about the removal of life sustaining
therapy. Currently, there is high variability in the prevalence of withdrawal of therapies
between countries, within countries, and even between clinicians in the same hospitals
(Mark, Rayner, Lee, & Curtis, 2015). These differences are guided by individual
perceptions of neurological prognosis (Turgeon et al., 2013). However, many decisions to
withdraw life support are likely made too early, often within the first three days of care,
which can be too soon for accurate neuroprognostication (Turgeon et al., 2011).
Objective measures that can accurately predict cognitive recovery in the first few weeks
following brain injury could prevent early removal of life supporting measures (Young &
Owen, 2014). Further research should continue to elucidate the role of fMRI as an
indicator of positive outcome following coma which could be used to complement
current clinical tools and aid prognostication.
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In Chapter 4, we sought to determine if comatose patients could retain higher
levels of awareness than can be detected through behavioural examination at the bedside.
FMRI investigations have revealed that aspects of higher order language comprehension
are detectible in a proportion of comatose patients (Chapter 3), suggesting that they may
retain higher levels of awareness than can be detected through behavioural examination.
However, because the task was passive in nature, as it required no participation on the
part of the patient, these neural responses may be entirely automatic. Therefore it is
difficult to ascertain whether the observed activity is a reflection of conscious experience
or rather, is generated subconsciously. Therefore, in Chapter 4, an active task was used in
an attempt to find unequivocal evidence of volition and awareness in coma. This
investigation used two mental imagery tasks that have been previously used to
demonstrate covert command following ability in some VS patients (Monti et al., 2010;
Owen et al., 2006). Of 6 patients who demonstrated higher level language
comprehension, 5 were unable to perform mental imagery; however, remarkably, one
comatose patient was able respond to the task instructions by modulating his brain
activity, confirming that he was consciously aware of his environment. This presents a
direct challenge to his previous behavioural examination, which was unable to detect any
signs of awareness, suggesting that fMRI could aid in the diagnosis of coma and identify
early markers of awareness. Additionally, functional neuroimaging may be a superior
tool with which to assess the depth of coma in comparison to clinical examination.
Clinical examination is susceptible to variability in observer reports of responses to
external stimuli, whereas the nature of functional neuroimaging effectively eliminates
this variability in observational reporting by offering objective measures to assess the
depth of coma. In fact, functional neuroimaging techniques have been shown to be
superior to even the most extensive clinical investigations in specialized centers in their
ability to detect awareness in patients with chronic disorders of consciousness (Cruse et
al., 2011; Fernández-Espejo & Owen, 2013; Monti et al., 2010; Naci & Owen, 2013;
Owen, et al., 2006; Bardin et al., 2011). Importantly, finding signs of covert awareness
earlier in the course of injury might allow for timelier implementation of intensive
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rehabilitation which could maximize functional outcomes (Maulden, Gassaway, Horn,
Smout, & DeJong, 2005; Zhu, Poon, Chan, & Chan, 2007).
By convention, arousal is thought to be a prerequisite for awareness (Young,
2009). That is, one must be awake to have a conscious experience. However, the finding
of intact awareness in coma in Chapter 4 indicates that the two major dimensions of
consciousness could be dissociable components. Examples in sleep, such as sleep
walking (for review see, Bassetti, Vella, Donati, & Wielepp, 2000), the incorporation of
stimuli into dream content (Burton, Harsh, & Badia, 1988), and lucid dreaming (for
review see, Stumbrys, Erlacher, Schädlich, & Schredl, 2012) are an indication that some
forms of awareness occur in the absence of arousal. Additionally, event related potentials
that relate to higher-order processing such as attentional responses and semantic analysis
of auditory stimuli have been identified in sleep (Bastuji, Perrin, & Garcia-Larrea, 2002;
Chennu & Bekinschtein, 2012; Cote, 2002). From a purely scientific standpoint, novel
research exploring residual cognition in the absence of arousal, such as coma, will
provide unique insight in identifying the neural correlates of consciousness and inform
theoretical perspectives of consciousness.
In addition to its importance as a device for identifying covert awareness in coma,
the use of fMRI can be extended even further as a communication tool. In Chapter 5 we
demonstrated that two non-responsive, critically ill patients diagnosed with severe
Guillain-Barré syndrome (GBS) could communicate their thoughts solely through
modulating their brain activity. Both individuals were able to use two mental imagery
tasks to convey answers to binary questions, giving us insight into their internal state.
Thus, this research posits that functional neuroimaging methods could be implemented as
a delirium screening tool and used to assess decision-making capacity in overtly nonresponsive patients within the ICU. This augmentative communication tool could allow
patients to be involved in their own medical decision-making.
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6.2 Challenges and Limitations
There are numerous challenges that arise in implementing fMRI as a clinical tool in
critically ill patients. Principally, the medical fragility following an acute brain injury can
impede imaging, thus limiting the use of fMRI in a considerable proportion of the
population. Only those who are hemodynamically stable and at low risk for deterioration
should participate in imaging studies. Patients with increased intracranial pressure and
congestive heart failure who are unable to lie flat in the scanner should be excluded from
research. Additionally, subjects with electronic implants such as pacemakers, brain
aneurysm clips, Swan Ganz catheters, and foreign metal objects (e.g. gunshot wound) are
unable to go into the imaging suite. Moreover, individuals who require large amounts of
sedation should also be excluded from study as the effects of anesthetic agents may affect
the BOLD signal. Once eligibility and consent has been obtained, the scheduling and
organization of imaging should be done promptly as both the medical stability and level
of consciousness in acute patients can change over a period of hours or days.
The interpretation of fMRI data may also be complicated by structural insults to
the brain, such as injuries that result in midline shift, trauma that requires bone flap
removal, and gross hydrocephalus. These types of injuries may prevent the normalization
of the images to a reference image of a healthy brain, which would result in the inability
to relate the subject’s brain activity to normal patterns of activity found in standard
stereotaxic space (Owen & Coleman, 2007). Moreover, it is unclear what effect acute
vascular injuries such as intracranial bleeding and stroke would have on the BOLD
signal.
In this thesis, I have attempted to demonstrate a number of ways in which
optimization of imaging procedures in critically ill patients can mitigate some of these
risks. First, these investigations have validated that fMRI imaging is sensitive enough to
detect single-subject brain activity on lower field strength 1.5T clinical hospital scanners.
This is important, because these are the types of scanners that are most commonly found
in clinical settings (as opposed to the more powerful 3T scanners, on which most of the
previous research has been completed with). Ensuring that imaging is conducted within a
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hospital setting is essential for critically ill patients where rapid response teams including
intensivists, ICU nurses, and respiratory therapists are available if a serious adverse event
was to occur within the imaging suite. Additionally, whenever possible, it is suggested
that patients should be imaged in conjunction with clinically indicated structural scanning
in order to decrease the risks associated with multiple intra-hospital transports (Weijer et
al., 2015) .
However, some empirical challenges with employing neuroimaging methods in
the diagnosis and prognosis of acutely comatose patients remain. If fMRI findings were
to be considered in decisions to continue or withdraw life sustaining therapies, both false
negative and false positive findings could have grave consequences (see Peterson, Cruse,
Naci, Weijer, & Owen, 2015). A false negative finding, or an inability to detect cognitive
function although it persists, could be interpreted as evidence of severe impairment and
lead to the premature withdrawal of life sustaining therapies. However, we argue that the
absence of significant findings should never be interpreted as an absence of preserved
cognition, as false negative findings are known to occur, even in healthy volunteers
(Fernández-Espejo et al., 2014; Gabriel et al., 2015). Alternatively, false positive
findings, where fMRI results incorrectly indicate that cognitive function is present, could
result in a missed “window of opportunity” to withdraw life sustaining therapies
(Wilkinson, 2011). Comatose subjects usually regain the ability to breathe on their own
without the support of mechanical ventilation within a few weeks from injury, regardless
of eventual outcome. Some of these patients, although no longer requiring life support,
will survive indefinitely with a severe disability. Therefore, accurate prognosis needs to
be made during this time-sensitive period, in order for end-of-life decisions to be made
appropriately, as these decisions are unlikely to be made, after the subject has endured
beyond the need for life support. Moreover, it is challenging to evaluate a prognostic tool
that may indicate good recovery when treatment withdrawal decisions occur and one
cannot determine the actual mortality rates. The true validity of the novel test cannot be
established but only how well it is in agreement with other prognostic tools which
influence the continuation or withdrawal of life support.
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6.3 Future Directions
Research examining residual cognitive function in acute coma is lacking. This thesis has
demonstrated that fMRI holds promise for improving the accuracy of both the diagnosis
and prognosis of acutely brain injured patients. While these investigations included a
small cohort of subjects, this dissertation has revealed valuable potential for future
clinical trials to evaluate the use of fMRI in critical illness. These investigations should
include large, longitudinal, and multicentre studies to reach definitive conclusions about
optimal, efficient, and reliable testing. Importantly, longitudinal studies that examine
changes in cortical responses of brain-injured patients in repeated assessments should
correlate those findings to functional recovery in the hope that they will delineate early
patterns of brain activity that may predict the subsequent extent of disability in survivors.
Moreover, research examining prognostic utility should be carried out in countries with a
low prevalence of withdrawal of life-sustaining treatment to understand the true
specificity and sensitivity of functional neuroimaging techniques.
Another promising avenue for research is the continued efforts to find portable
bedside solutions for assessing residual cognitive function. This is paramount in cases
where patients are precluded from imaging due to implanted ferromagnetic objects or
where there is a high risk of deterioration during transport to the imaging suite, both of
which are common limitations in acutely brain injured patients. Electroencephalography
(EEG) is one technique that can be used in patients with metallic implants where
recordings can be obtained at the bedside. EEG is a measure of changes in the brain’s
electrical activity and has been used to evaluate responses to a variety of stimuli, such as
sounds and words as well as volitional responses to verbal instructions (e.g. imaging
squeezing your hand). EEG paradigms have been used to demonstrate attention-orienting
responses (Bekinschtein et al., 2009; Faugeras et al., 2011; Gibson et al., 2016) and even
covert awareness (Cruse et al., 2011) in a small proportion of patients with chronic
disorders of consciousness. Recently, auditory discrimination, as detected by EEG, has
been found to be predictive of awakening in post-anoxic coma (Rossetti et al., 2014;
Tzovara et al., 2013, 2016; Tzovara, Simonin, Oddo, Rossetti, & De Lucia, 2015)
210

demonstrating that EEG may have potential for use in prognosticating outcomes of
comatose survivors of cardiopulmonary resuscitation. However, the use of EEG to
examine covert awareness in acute coma may not be effective as it shows far reduced
sensitivity compared to fMRI in healthy volunteers (Cruse et al., 2011; Gabriel et al.,
2015). Alternatively, functional near-infrared spectroscopy (fNIRS), a relatively new
portable technology, might be a suitable alternative for fMRI as it allows for non-invasive
hemodynamic measures of cortical activity (Naci et al., 2012). Research has shown that
fNIRS has a similar sensitivity as fMRI in detecting awareness with mental imagery tasks
in healthy controls (Abdalmalak et al., 2016). Recently, fNIRS has been successfully
used to decode neural responses in complete locked-in patients and is likely the most
promising way forward in the development of brain-computer interfaces which can allow
for communication with non-responsive patients (Chaudhary, Xia, Silvoni, Cohen, &
Birbaumer, 2017).
Finally, implementation of functional neuroimaging tools that can provide superior
insight into the extent of recovery of patients may significantly shape future medical
management and interventions. Critically, identifying residual cognitive function early in
the course of injury might allow for the application of novel brain stimulation techniques
which could improve recovery. Although in the initial stages of research, some
neuromodulary treatments that are known to enhance the excitability of thalamic efferent
neurons have shown encouraging results in chronic disorders of consciousness (for
review see Thibaut & Laureys, 2015). Case reports of transient behavioural
improvements in awareness have been reported in chronic patients after the
administration of repetitive transcranial magnetic stimulation (Pape et al., 2009;
Manganotti et al., 2013; Piccione et al., 2011), transcranial direct current stimulation
(tDCS) (Thibaut, Bruno, Ledoux, Demertzi, & Laureys, 2014), and ultrasonic thalamic
stimulation (Monti, Schnakers, Korb, Bystritsky, & Vespa, 2016). Moreover, deep brain
stimulation of the thalamic intralaminar nuclei has also been found to improve
behavioural responsiveness in a minimally conscious subject who received the
intervention six years following injury (Schiff et al., 2007). It remains to be investigated
whether earlier interventions would lead to better and more permanent increases in
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behavioural responsiveness. The most optimistic forecast of the state of affairs in the next
20 years in the field of disorders of consciousness would be a lower incidence of patients
living in such severely disabled states as a result of early detection of residual cognitive
function which will lend itself to early interventions and treatments.
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